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I. INTRODUCTION

The purpose of Phase I of this program was to determine the stability
characteristics of various injectors using high combustion chamber pressures
with the cryogenic propellants, hydrogen and oxygen. Coaxial injectors for
the most part were characterized under previous programs at Aerojet, NASA, and
other government subcontractors. The remaining design feature to be evaluated
on the coaxial injector was the effect of injection density on combustion
stability. This effect was evaluated during the test portion of this program

in an annular combustion chamber.

Combustion stability correlations based on Sensitive Time Lag Theory
require an accurate definition of theoretical considerations. Consequently,
part of the investigation necessary to advance current knowledge in combustion
stability Was the advancement of Sensitive Time Lag Theory. A refinement to
the basic theory was the addition of terms to account for higher combustion
chamber Mach numbers and an extension of the current model to include the

toroidal or annular combustors.

As part of the experimental program an experimental tool, the

"Transverse Excitation Chamber," was designed and the feasibility of using this

tool to measure the frequency sensitivity of a particular injector demonstrated.

Many preliminary designs were evaluated prior to the selection of the

designs fabricated and tested on this program.

Phase I was scheduled for 12 months of technical effort, but was extended

to 15 months to include additional hardware fabrication.
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IT. SUMMARY
A. SUMMARY OF PROGRAM

The stability characteristics of two injection concepts to be used
in advanced injectors for high chamber pressure, hydrogen/oxygen systems were
determined on this phase of the program. The two injection concepts tested
were: coaxial with central oxidizer and 30° included angle fuel impingement;
and triplet injectors with 60° included angle oxidizer-fuel-oxidizer pattern.
Analytical model developments were advanced for the Sensitive Time Lag Theory,

and a research tool termed "Transverse Excitation Chamber" was demonstrated.

Analytical model developments included expansion and refinement of
the existing Sensitive Time Lag model to include annular combustion chambers
and initiation of analyses to include feed system coupled pressure oscillations

as encountered with the staged combustion system.

The second major task consisted of testing injector patterns in an
annular thrust chamber. Injectors designed and fabricated for this task
included one coaxial and two versions of one basic triplet element pattern.
The coaxial injector was patterned after an injector tested on Contract
NAS 8-1174l1, except that the injection density (total propellant flow rate per
projected injector face area) was nearly doubled. The triplet injectors were
patterned after a design being considered for NASA's Advanced Cryogenic Rocket
Engine. The major difference between the two versions of this injection
pattern is that one has nearly twice the injection density of the other.

Seven tests on the coaxial injector were made under this task. Two triplet

injectors were also fabricated.
The third major task consisted of the design, development, and

demonstration of a research tool, the "Transverse Excitation Chamber." This

combustor is a variable angle sector chamber that can be varied from 9 to 36°
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IT, A, Summary of Program (cont.)
and is used to determine the relative sensitivity of injection elements to
instability. Six tests conducted with this combustion chamber yielded
preliminary results on its effectiveness as a research tool.

A detailed analysis of combustion stability data obtained during the
testing of this program is included in this report, and correlations with
results from tests conducted on other programs were made. Considerable
injector design studies were conducted on this program.

B. TASK TI: ANALYTICAL MODEL DEVELOPMENT

1. Annular Combustor Analysis

Analytical tasks on this program included the extension of
the basic Sensitive Time Lag model for cylindrical combustion chamber to
include annular chambers. A preliminary analysis for the gas-generator-fed

staged combustion system was also made.

The analysis for the annular combustion chamber fits into the
basic framework of the cylindrical chamber analysis; a few minor modifications
are required. In the general solution of the pressure perturbation equation

by using separation of variables technique the solution is:

P= P (2) b, () R (8)

Three ordinary differential equations for Po(z), wo(r) and

eo (8) are obtained.
The solution for the annular combustion chamber case is

concerned with the solution of wo (r). The differential equation for wo (r)

is a Bessel equation of the form: wvn(r) - AJv(Svn . r) + BYv (Svn' r)
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II, B, Task I: Analytical Model Development (cont.)

where: Jv = Bessel function of the first kind
v - Bessel function of the second kind
wn = the transverse mode number

By considering the cylindrical chamber case and the inner wall
for the annular case separately and solving these two relationships simulta-

neously one obtains the following result:
1 ' Tt 1 =
Jv (Svn) Y v (SVﬂ R) J v (S\)n R) Y v (Svn) o

The solution of this equation defines the transverse acoustic
mode number, Svn’ for annular chambers. This equation has been solved in
published literature and values of Svn are listed. Annular combustion chambers

will alter the frequency of the transverse mode from the cylindrical case,

The configuration of the exhaust nozzle affects the nozzle
admittance coefficient in much the same manner as for the cylindrical combustion
chamber nozzle. The analysis for the amnular nozzle is different primarily in
the determination of the local contraction ratio. This is accomplished in the
computer program by inputing both the inner and outer radii of the chamber

and throat.

2. Staged Combustion Model

The system selected for the staged combustion model consists
of (1) propellant feed system, (2) primary combustor, (3) secondary combustor,
and (4) a turbine. The approach taken was to assume that the engine design
parameters are given. The instability zones are then calculated for the
secondary combustor, for assumed values of the primary combustion parameters
FS* The shift of the insta-
bility zones as these combustion parameters are varied shows the nature of the

(np, Tp) and the total time lag of the hot gas t

interaction between the two combustors.
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II, B, Task I: Analytical Model Development (cont.)

The first-order analysis involves the following assumptions:
the propellants are incompressible, the feed lines are short, the combustion

is concentrated at the injector, and mean chamber Mach numbers are small.

As a general result of this analysis, it has been observed
that the total time lag is from 6 to 10 times larger than the sensitive time
lag, Consequently, for frequencies of interest to high frequency instability,
the effects of the feed system terms will tend to average over the finite
length of the combustion zone. Since the total time lag includes the time
required for atomization, vaporization, mixing, and heating of the propellants,
some interaction is likely in high pressure engines -- particularly in the

secondary combustor.
C. TASK II: ANNULAR THRUST CHAMBER ASSEMBLY TESTS

Annular thrust chamber assembly hardware consisted of three major
components: (1) injector with attached axial centerbody, (2) combustion
chamber, and (3) annular nozzle. Of the injectors designed for the annular
combustion chamber, three were fabricated and one tested. A 600-element
triplet injector to deliver 60,000 1b thrust with a total propellant weight
flow of 180 1lb/sec was fabricated, and a 200-element triplet injector to
deliver 20,000 1b thrust with 60 1lb/sec total propellant weight flow was also
fabricated. To evaluate the effect of injection density on stability a 54-
element coaxial injector was designed, fabricated, and tested for comparison

with injectors previously built on Contract NAS 8-11741.

The combustion chamber and centerbody were ablatively cooled and
both centerbody and chamber converged to form a throat. Two pyrotechnic
igniters, three pulse guns, eight high-frequency pressure transducers and three

static pressure transducers were located on the combustion chamber.
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II, C, Task II: Annular Thrust Chamber Assembly Tests (cont.)

Tests were conducted at mixture ratios from 4 to 6 and chamber
pressures of from 1500 to 2500 psia at a constant propellant weight flow of
180 1b/sec.

Each instability pattern observed during the annular testing was
nearly identical in its form and was initiated by the 20-grain charge, using a
tangential pulse gun. The peak-to—peak overpressures of these instabilities
ranged from 800 to 2000 psi. The frequency was approximately 2500 Hz, depending

on the acoustic velocity value for each test condition,

Test No. 7, using 200°R hydrogen, experienced -~ in addition to its
high-frequency instability — a low-frequency (500 Hz) oscillation which
attained an amplitude of 750 psi. Except for one brief occurrence of a low
frequency (100 Hz and 100 psi) instability on Test No. 3, there was no other
indication of a coupling between the feedlines and the combustion process. It
should be pointed out that the large pressure drops across the injector face
due to the small orifice design result in significant hydraulic resistances

in the circuit.

The effect of chamber Mach number was evaluated in this series of
tests by comparing results with test results from Contract NAS 8-11741. The
two Mach numbers used were 0.176 and 0.29.

This verification of the Mach number as an important correlating
parameter, together with the work of NASA's Lewis Research Center, has led to
the selection of six design parameters as being important in combustion
stability evaluations. These parameters are functionally related by the

following formula:
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IT, C, Task II: Annular Thrust Chamber Assembly Tests (cont.)

Mc b (Pc/Pcritical)ll3
fS = 4550 T =
i
where: fs = Sensitive frequency (Hz)
c = Chamber Mach Number
di = Injection orifice diameter of
least volatile propellant, inches
Pcritical = Critical pressure of least
volatile time controlling
propellant, psia
c = Chamber pressure, psi

= Function of the velocity ratio
and impingement angle. This
function is not defined for the
nonimpinging showerhead coaxial
element.

This formula may be used by a designer in his preliminary work to develop an
injector configuration whose sensitive frequency is displaced from the first
tangential acoustic mode of the thrust chamber. These first order estimates
may then be combined with the analytical results of the sensitive time lag
computer program to obtain a more detailed engine configuration. Of prime
importance is the overall trends Whichvmay be observed from changes in any of

the six design parameters.
D. TASK III: TRANSVERSE EXCITATION CHAMBER TESTING

The concept of a transverse excitation was originated at Aerojet
on a Company-sponsored Independent Research and Development program to evaluate
transverse modes of pressure oscillation (tangential instabilities) and
simulate the pressure/velocity effects as experienced in a rocket combustion
chamber. The transverse excitation chamber tested on this program is described

in the following paragraphs.
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II, D, Task III: Transverse Excitation Chamber Testing (cont.)

The excitation chamber consisted of three principal parts:
(1) chamber, (2) nozzle, and (3) injector inserts. The chamber is a 36° sector
of a circle 2-1/4 inches in height. The 36° sector of the 30-inch radius
results in a fundamental acoustic frequency in the transverse mode at 1800 Hz.
The smallest chamber angle was 9°, which results in a chamber acoustic frequency
of 7000 Hz. The height of the chamber (2.17) inches limits the associated
acoustic frequency to greater tham 13,000 Hz. A single chamber design was used
and the chamber angle was varied by ihserting steel wedges in the combustion
zone to achieve the desired angle.‘ The O-ring-sealed chamber 1lid is removable
to facilitate various injection concepts; ablative liners and throats were used

to protect the areas most vulnerable to erosion.

Two triplet injectors were designed and fabricated for testing.
One was an ll-element triplet, and the other was a three-element triplet similar
to the ll-element triplet design in all but the orifice diameters. The purpose
of the larger orifice size was to determine the effect of orifice diameter or
thrust per element on combustion stability. Only the ll-element injector

inserts were tested during this program.

Testing of the transverse excitation chamber was conducted to
measure the growth rates of spontaneous instabilities or decay rates of pulsed

pressure perturbations.

Mixture ratios of around 4 and chamber pressures of 1300 to 1400 psi
were evaluated during the test series. Two of the three valid tests (in three
tests the fuel valve was inoperative) attained these conditions and both
experienced spontaneous instabilities. One test exhibited a growth rate of
650 db/sec, while the other test had two distinct growth periods. The first,
occurring at the onset of the instability, had a 600 db/sec rate, while the
second growth period came after thermal ignition of the 40 grain pulse charge

had disrupted the initial instability. Its growth rate was 330 db/sec.
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II, D, Task I1I: Transverse Excitation Chamber Testing (cont.)
From the data obtained, the indication is that over the frequency
range of 3000 to 4500 Hz the triplet element has a peak response at 3300 Hz

at the specified steady state conditions. This peak response frequency, when

related to T by the relationship

compares favorably with previous correlations of 1 for this type of injector.
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IIT. CONCLUSIONS
1. The use of combustion chamber Mach number as a stability correlating

factor was examined and was found to have a relatively minor effect which

appears to be related to the sensitive frequency as follows:

Mc 0.15 (Pc/Pcrit) 0.33
fg = 430 1 q —7F
i
fs = Sensitive frequency
MC = Chamber Mach Number
di = Injection orifice diameter of least
volatile propellant (inches)
. = Critical pressure of least volatile
crit .
propellant (psia)
o = Chamber pressure, (psia)
= Function of the velocity ratio and
impingement angle
2. For the annular chamber tests, all recorded high frequency instabilities

were pure first tangential modes pulsed at a comparatively low shock level
(20 grains). This indicates that, for the operating parameters, the combustion

process was close to its spontaneous oscillation regime.

3. The incidence of pure modes rather than the mixed modes noted with
previous tests with a cylindrical chamber indicates a higher value for the
sensitive time lag (1) and, correspondingly, a lower sensitive frequency
value (since T = %EO. This conclusion is logical when the annular chamber
design is considered. Placing the centerbody in the injector has two effects:
(1) the centerbody acts as an effective barrier against the radial modes, and
(2) the integrated effect of propellant injection (mass distribution) is over
larger radial distances -—- or in a zone of greater tangential acoustic mode

sensitivity.
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III, Conclusions (cont.)

4, The fact that lower pulse charges triggered instability does not
necessarily indicate a reduction in pressure interaction index (the sensitive
time lag term, n). This apparent increased combustion sensitivity could be
due to the fact that pure modes are initiated at lower n values than are the
combined modes. In fact it is analytically theorized that the pressure inter-
action index, n, was approximately the same for both the cylindrical and the
annular chamber coaxial injection test phases (that is equal to approximately
0.5).

5. The excitation chamber has potential as a stability rating tool which
will give many inexpensive tests and will evaluate many single parameter

characteristics of an injection pattern. A complete spectrum of frequencies
can be evaluated; short duration tests are adequate to evaluate an injector.
Injector modules are inexpensive and easily replaced; the removable chamber
1lid permits testing of long injection elements (i.e., tubelet or HIPERTHIN),
servicing of the combustion chamber protective coating, and removal and

replacement of wedge inserts.

6. It is recommended that dynamic high frequency transducers bhe flush

mounted for proper wave description.

7. It is recommended that the transverse excitation chamber as a research
tool be used extensively to evaluate the effect on combustion stability of the
various injection parameters (i.e., injection velocities, velocity ratio, fuel
temperature orifice chambers, injection distribution, etc.) on a variety of
injection concepts (i.e., triplets, quadlets, coaxial, HIPERTHIN, etc.). These
tests should serve as a single parameter variation test and should evaluate a
range of design and test conditions to determine optimum operating conditions

for combustion stability and performance for a given injector design.,
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III, Conclusions (cont.)

8. It is recommended that a limited number of verification tests be
conducted using conventional cylindrical or annular combustion chambers to
evaluate the injectors tested in the transverse excitation chamber in pulse
rated stability tests. These tests should serve as demonstration tests to
determine correlations between conventional injectors and excitation chamber

results.
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IV, EXPERIMENTAL TASKS

A, TEST APPARATUS
1. General

The stability characteristics of advanced injection concepts
were evaluated on this program by two methods: full-scale annular thrust
chamber assemblies and subscale single-parameter evaluations in a transverse
excitation chamber. The ablatively cooled full-scale hardware was tested with
a coaxial injector for an average test duration of 2.0 sec, developing a nominal
thrust of 65,000 1b., Triplet injectors were also designed and fabricated
for testing in the annular hardware. The subscale excitation chamber hardware
was designed specifically to determine the frequency response characteristics of
selected injection elements on a single design parameter variation basis.
Because of particular design features of the excitation chambers, the thrust
level was lower for the high-frequency testing (minimum 2000 1b) and higher for
the lower frequencies (maximum 8000 1b). Figure 1 shows the full-scale annular
hardware mounted on the test staﬁd with the center body cone attached. Figure 2
shows the excitation chamber with the 1lid removed and one of the wedges
installed. Detailed descriptions of each system and test hardware are given

in the following paragraphs,

2, Full-Scale Annular Thrust Chamber Assembly

The full-scale annular thrust chamber assembly consisted of
three major components: (1) injector with attached axial center body,
(2) combustion chamber, and (3) annular nozzle. Hot gas joints on this
assembly were sealed by thin Durabola gaskets placed between serrated sealing

surfaces.
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IV, A, Test Apparatus (cont.)

a, Injectors

Three injectors were designed and fabricated for the
annular combustion chamber, and one was tested. The unit tested was a 54-element
coaxial injector of the same element design as the 54-element coaxial injector
tested in the 14.0 inch-diameter cylindrical hardware under NAS 8-11741., Seven
pulse tests were conducted. A 600-element triplet injector was also designed
and fabricated and is shown conceptually in Figure 3. It is rated at 60,000 1b
thrust with 180 1b/sec total weight flow of propellant. A second triplet
injector, using the same injection element design but containing only 200
triplet elements and delivering approximately 20,000 1b thrust with 60 1b/sec
total weight flow of propellant, was also designed and fabricated. A conceptual

drawing of this injector is shown in Figure 4.

(1) 54~Element Coaxial Injector

Testing of coaxial injectors on NAS 8-11741 and
results from other test programs yielded data to permit evaluation of the size
aspects of the coaxial element and the impinging versus nonimpinging patterns.
The remaining parameter requiring evaluation was the effect of chamber Mach
number and injection density. Using the same element design and impingement
angle as used on the 54-element, the l4-inch-diameter cylindrical injector of
last year's NAS 8-11741 contract permitted direct correlation between it and the
annular high injection density injector parameters. A comparison of the
54-element cylindrical injector and the 54-element annular injector is shown

in Table 1,
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IV, A, Test Apparatus (cont.)

Design details for the coaxial injector fabricated
on this task (Figures 5 and 6) and the design test condition used in computing

the design data are shown in Table 2,
(2) High injection Dengity Triplet Injector

The injector is composed of 600 triplet elements
having an injection density of 3 1b/sec-in.2. The triplet elements are drilled
in a radial ray arrangement around an annulus conforming to the annular
chamber enﬁelope. There are 48 raised bars around the annulus. The fuel
orifices are central and are located in the center of the raised bars. The
two rows of oxidizer orifices on either side of the fuel bar are located
0.197 inches below the fuel orifice exit plane. The raised fuel bar has a
truncated triangular cross section, The pattern and manifold arrangement are
shown in Figure 3. The remaining high injection density triplet injector
design parameters are listed in Table 2, for comparison with those of the low

injection density triplet.

There is a provision for four baffles (one every
90 degrees) to protect the face from erosion by spinning tangential modes of
instability. The baffles are held in place by bolts and are replaceable.
The oxidizer orifices are fed by slots which receive propellant from a flooded
annular back plate. Propellant is supplied to the annulus through eight holes
connecting the annulus to the central oxidizer supply line, Fuel is fed to
the orifices by 48 radially drilled holes which are supplied by an outer annulus,

The annulus is filled by six tubes connected to the main fuel supply line,
(3) Low Injection Density Triplet Injector

The low injection density triplet injector has the
same size orifices and element geometry as the above described injector. The
flow rate, thrust and number of elements have been reduced by 2/3 that of the

600 triplet injector. The design of the two injectors is compared in Table 3.
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IV, A, Test Apparatus (cont.)

The fuel orifices are fed by radial holes connected
to an outer annulus, The annulus is supplied by six tubes connected to the
main fuel line. The oxidizer orifices are fed by radially drilled holes which
are plug welded at the outer circumference to prevent intermanifold leakage.
The radial tubes are fed from an inner annulus by means of connecting holes.

A central line supplies oxidizer to the annulus through eight equally spaced

holes,

b. Chamber

An annular thrust chamber was used so that the chamber
acoustic frequency would be in a suitable range while increasing the injection
density. It also allowed the determination of combustor configuration effect
on combustion stability. Information obtained for a previous program
(Contract NAS 8-11741) allowed determination of the effects of a cylindrical
chamber on combustion stability using a comparable coaxial type injector
element at lower injection density. The annular chamber was assembled by
placing a flanged cylinder over the center body attached to the injector,

The chamber was kept cool by the use of 1/2-inch-thick ablative sleeves on
both the outer and inner diameters of the annulus. The chamber can be seen
assembled on the test stand in Figure 1, The internal chamber dimensions

are as follows:

Chamber inside diameter = 10.50 in.
Center body outside diameter = 6.14 in,
Chamber effective length = 15.25 in.,

Two igniters, three pulse guns, eight high-frequency transducers, and three
static pressure transducers are located on the combustion chamber as shown in

Figure 7.
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IV, A, Test Apparatus (cont.)

The chamber and center body ablative liners made a smooth
transition into an ablative annular throat by using nozzle inserts held in
place by flanged housings. Chamber pressures of 1500 and 2500 psia were
obtained by maintaining a constant flow rate and changing the throat area.
The center body throat diameter remained constant; the throat diameter of the
insert attached to the outer chamber nozzle housing was varied to achieve two
chamber pressures. A center body nozzle extension of graphite was used to
attain a uniform expansion with minimum nozzle losses, thereby providing accurate
performance measurements. A photograph of the chamber and nozzle mounted
on the test stand viewed from the nozzle end is shown in Figure 1. The perti-

nent nozzle design parameters are outlined in Table 4.

3. Transverse Excitation Chamber

The concept of a transverse excitation was originated at
Aerojet on a Company-Sponsored Independent Research and Development program
to study transverse modes of pressure oscillation (tangential instabilities)
and simulate the pressure/velocity effects as experienced in a rocket combustion
chamber. The transverse excitation chamber tested on this program is described

-in the following paragraphs.

a. Injectors

Two triplet element patterns were designed and fabricated
for testing in the transverse excitation chamber. One was an ll-element triplet,
and the other was a three-element triplet gimilar to the ll-element triplet
design in all but the orifice diameters, The purpose of the larger orifice
size was to determine the effect of orifice diameter or thrust per element
on combustion stability. Only the ll-element injector inserts were tested
during Phase I. A conceptual drawing of the two injectors is shown in Figure 8.

A summary of the injector design features is listed in Table 5,
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1V, A, Test Apparatus (cont.)

The injector inserts are interchangeable modules that
offer fabrication economics and test program versatility. Injectors that
would not fit into the 1,8-in.-diameter bore can be inserted from the 1lid
side, then connected to the manifold., The inserts are sealed by two O-rings
seated in circumferential grooves, A port at the base of the insert allows

insertion of a fast response thermocouple to monitor fuel manifold temperature.
b. Combustion Chamber

The excitation chamber consisted of three principal
parts: (1) chamber, (2) nozzle, and (3) injector inserts. The chamber is a
36° sector of a circle 2-1/4 inches in height. A drawing of this chamber
is shown in Figure 9. The 36° sector of the 30-inch radius results in a
fundamental acoustic frequency in the transverse mode at 1800 Hz, The smallest
chamber angle was 9°, which results in a chamber acoustic frequency of 7000 Hz.
The height of the chamber (2.17 in.) limits the associated acoustic frequency

to greater than 13,000 Hz.

Originally, the variation in frequency was to be obtained
by varying the chamber length to determine acoustic amplitude growth or decay
rate for various chamber frequencies. Test results from an Aerojet Independent
Research and Development program indicated that chamber losses, the relation-
ship of the combustion distance to the acoustic field amplitude, and the
physical location of the pulse gun to the combustion front greatly affected
the response characteristics of the multiple~length (36° included angle)
combustion chambers. To overcome the disadvantages of multiple-length com-~
bustion chambers, a single chamber 30 in. long and having a 36° included angle
was used. The frequency of the acoustic mode was varied by changing the angle
in the chamber, using various wedges inside the chamber to block part of the
combustion zone., Undrilled blank injector inserts seal the injector bores
blocked by the wedge. The frequencies associated with the wedges and the

included chamber angle are listed in Table 6.
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IV, A, Test Apparatus (cont.)

The O-ring sealed chamber 1id is removable to facilitate
repairs and inspection. The combustion chamber wall was protected by a flame

sprayed zirconium oxide coating 0.020 to 0.040 in. thick.

Ablative liners were bonded to the chamber with room-
temperature vulcanizing silicone rubber RTV-60, They were located in the
nozzle end of the chamber and covered half of the distance between the nozzle
and injector face., The liners served to protect the steel from the hot erosive
combustion products and were used only in the nozzle end to avoid acoustic

losses due to the highly absorptive ablative material,

The nozzles are composed of a housing and ablative
inserts., The nozzle throat and exit planes are rectangular in section to avoid
transition pieces. The outside envelope of the nozzle insert is cylindrical
with the exception of a molded key. The nozzle ablative insert is designed to
be made from a common mold and is bonded into the nozzle housing using RTV-60,
The housing, in turn, is bolted onto the chamber and sealed by an O-ring. The

throat width for each of the eight nozzles is shown in Table 7.
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B, TEST PROCEDURE

The 60K thrust annualr chamber tests were conducted on the C-6
test stand and the subscale (excitation chamber) tests were conducted on test

stand J-1.

A total of 13 tests were conducted for this investigation; seven
were made using the 60K annular thrust chamber and coaxial injector hardware,
The other six tests were performed on the transverse excitation chamber. These
latter tests used a triplet injector pattern (0-F-0). High-frequency data were

satisfactorily recorded on all valid tests,

Both series of tests were designed to operate at nominal mixture
ratios of from 4 to 6 and at velocity ratios of from 3.5 to approximately 10,
Chamber pressures of 1500 and 2500 psia were to be attained on the TCA tests,
whereas facility limitations dictated a maximum excitation chamber pressure in

the 1500 psi range.

During the steady-state portion of each test, perturbations were
introduced into the chamber in an attempt to disturb the combustion process.
Three pulses (20, 40, and 80 grain charges) were used for the annular chamber

tests; a 40-grain pulse was used to perturb the excitation chamber tests.

1. Full-Scale Testing (60K Annular Chamber)

a. General

The duration of all tests was scheduled for 2 seconds. Three
pulse charges were fired at 100 millisecond intervals. The 2-second duration
allowed pulsing to take place during the last portion of the test so that a

reliable value for specific impulse (Ig) could be determined from data during
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the early part of the test. Sufficient high frequency, low frequency, and static
instruments were used to establish the thermodynamic properties of the propel-

lants and the combustion characteristics within the chamber.
b. Test Stand

An isometric drawing of test stand C-6 is shown in
Figure 10, A picture of the test stand showing the intensifier layout can be
seen in Figure 11l. The intensifiers are a positive expulsion device which
allows the propellants to be supplied to the engine at high pressure using a
relatively low pressure inert gas. The pressure is intensified by amplifying
force through an in-~line axial piston having a large diameter gas input and a
small diameter propellant output. The intensifier's output is 6000 psi from
an input of 1700 psi. The propellant capacity of the oxidizer and fuel
intensifiers is 80 and 250 gallons, respectively. The intensifier piston is

restricted from traveling the full distance to avoid damaging the head end.

The amount of propellant flowing to the engine was regu-
lated by a servo control system. The function of the servo is to adjust the
opening of the flow control valve upstream of the injector to maintain a preset
manifold pressure that is input to the servo system by the transducer measuring
injector pressure, An orifice is provide in each propellant line downstream
of the flow control valve, The orifice functions to decouple low-frequency
instabilities initiated in the feed lines, The engine is held immobile by the

stand structure, designed to withstand a maximum reaction thrust of 100,000 1b.
c. Chill and Fill Procedure
Hydrogen propellant consumption was minimized by a com-

bination of a vacuum jacket, which acts as insulation, and a LN, heat exchanger

wrapped around the propellant end of the intensifier. ULiquid nitrogen was
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flowed through the tubes until a temperature of 140°R was monitored. At that

time, the LN, was then purged from the heat exchanger tubes and liquid hydrogen

introduced tirough the vacuum~jacketed run lines to the intensifier until the
system reached liquid hydrogen temperature (v35°R). The LH2 temperature was
monitored at the intensifier vent, the system was considered chilled down, full,
and ready for testing. Oxidizer was serviced in a similar manner as the fuel
by first filling through the insulated propellant lines, then topping off
propellant through the intensifier vent.

The injector was prechilled by flowing LN, through the

2
fuel circuit downstream of the thrust chamber flow control valve. Temperature
was monitored at the injection orifice by high response thermocouples; when LN2

temperature was detected, the system was considered sufficiently chilled.

Gaseous hydrogen (200°R) was obtained by filling the

intensifier with a predetermined amount of 1H,, then injecting gaseous hydrogen

2,
from an auxiliary supply. The mixture of gaseous and liquid hydrogen was then

allowed to reach thermal equilibrium before firing.

To produce a smoother start and reduce the possibility of
ignition spikes (overpressures), the oxidizer and fuel propellant valves were

programed to produce an oxidizer-rich mixture ratio,
d. Test Sequence

The test firing countdown was started after the fill and
chill had been completed. A test duration of 2 seconds was scheduled for each
test, The test duration time is defined as the interval between FS-1 and FS-2.
Fire switch one (FS-1) was operated manually, initiating timers which sequenced

valves, igniters, pulse guns, and FS-2, Ignition was accomplished by two
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pyrotechnic igniters which had burn durations of 0.75 sec at 14,7 psi. The
start was oxidizer rich to reduce the possibility of ignition spikes (over-
pressures), The start was accomplished by programing the oxidizer and fuel
propellant valve opening times and rates so that, as soon as the valves reached
approximately 80% of the scheduled full-open position, the servo controller
system was activated, The smooth transition into steady-state operation was
verified by the record shown in Figure 12. The three pulse guns were fired at
0.10 second intervals starting at 1.6 seconds. An indication of the steady-
state specific impulse could be obtained from test data before the time the pulse
guns fired, Fire Switch Two (shutdown) could be activated by any one of five
methods:

(1) Thrust chamber pressure switch

{2) Combustion stability monitor

(3) Oxygen or full 70% limit switch

4) Duration timer

(5) Manual override

The sequencer FS-~2 command resulted in the opening of
all bleeds and vents (except run tank vent) and the closure of all other valves.
Purges were opened manually prior to FS-1 and were checked by system pressure
until system pressure decayed to a predetermined level, at which point they

began to flow until closed manually.
e. Instrumentation
A schematic of the C~6 test stand flow and instrumentation
diagram is shown in Figure 13, The instrumentation used to monitor engine high-

frequency fluctuations and their location is shown in Figure 7. The types of

instrumentation used are discussed below,
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(1) Pressure Measurement

There are eight Model 352A Photocon pressure trans-—
ducers located in the chamber wall. The transducers are located in three axial
planes and four circumferential positions., The locations allow determination
of the phase, amplitude,-and damping rate of pressure waves in the chamber.
Planes A, B, and C are located at distances of 4.625, 7.925, and 12,125 inches
from the injector face, respectively. All three planes had transducers located
at 30 and 120° from top dead center. In addition, Plane A had two located at
210 and 270° from top dead center. The transducers were mounted within
0,100 inch of the half-inch ablative liner, as shown in Section A-A of Figure 7.
Five orifices drilled through the 1/2-inch thick ablative liner at each
Photocon location allowed chamber pressure oscillation to be sensed. Pressure
perturbations were introduced by firing two pulse charges through ports in the
chamber wall, which were aimed tangential to the center body diameter. The

location of the ports is shown in Figure 7,

Static pressure transducers were located in the
injector inlet lines to measure injector pressure. Static chamber pressure
transducers were used to measure chamber pressure at three locations on the

chamber; at the injector face and 4.62 and 7.925 in. from the face,
(2) Temperature Measurement

A platinum resistive temperature transducer and
high-response copper-constantan (C-C) thermocouples were used to monitor pro-
pellant temperature at the injector entrance. Copper—constantan thermocouples
were also located in the fuel manifold to monitor temperature prior to injec-
tion. The rate of volumetric displacement of propellant in the intensifiers
was determined by means of a potentiometer attached to the intensifier piston
shaft. The density of the propellant was obtained from appropriate equations
of state. Flow rate was then calculated as the product of time rate of change
of intensifier volume and propellant density.
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2, Excitation Chamber Testing

a. General

The duration of all tests was scheduled for 0.8 to
1.5 sec. A single pulse charge was fired at 50 milliseconds prior to FS-2,
Sufficient high frequency, low frequency, and static instruments were used to
establish the thermodynamic properties of the propellants and the combustion

characteristics within the chamber.
b. Test Stand

The excitation engine was tested on Test Stand J-1. A
picture of the ‘engine mounted on the stand is shown in Figure 14 and a schematic
flow and instrumentation diagram for Test Stand J-1 is shown in Figure 15,
Propellant was supplied to the engine by means of an 80-gallon oxidizer inten~
sifier and a 100-gallon-capacity pressurized fuel tank. The oxidizer inten-
sifier (propellant end only) and run lines were glass fiber insulated. The
fuel tank and run lines were vacuum jacketed to prevent excessive heat loss,

The oxidizer intensifier is similar in construction and operation to the one
used for full-scale tests, as described in Section III,B,1,b. The spherical
fuel tank had a 3500-psi upper pressure limit and was pressurized by hydrogen
gas supplied from a cascade, A steady flow rate was maintained by servo control,
shown schematically in Figure 15, The servo system controlled flow rate by
adjusting the flow of the pressurizing gas into the fuel tank and oxidizer
intensifier to provide a constant set pressure at the thrust chamber valves,

An orifice was located just downstream of the oxidizer valve to decouple low
frequency instabilities associated with the feed lines. The fuel tank pressure
rating of 3500 psi precluded placement of an orifice in the fuel side since the
sum of the chamber and injector pressure drops nearly equaled the total available
head. The stand mount was designed for 100,000 pounds of thrust and could,
therefore, easily accept the 2000 to 8000 pound thrust the excitation chamber

could deliver,
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C. Chill and Fill Procedure

The two systems were chilled down by introducing the
propellants into their respective tanks until liquid conditions were monitored
in the vent stack. Vacuum jacket intensifier and run lines and an insulated
oxidizer propellant system prevented excessive propellant consumption by reducing

heat losses. The fuel manifold was cooled externally by a LN2 jacket,
d. Test Procedure

There were only minor differences between the excitation
and full-scale engine test procedures discussed in Section III,B,1,d. A test
duration of 0.750 seconds was established after Test -002, The short duration
was to minimize hardware damage. The shutdown parameters were the same as for
the full-scale engine except for the combustion stability monitor (CSM). The
shortness of the duration made a CSM function needless since the oxidizer and
fuel valve closing times were of the same order of magnitude as the duration.
The oxidizer valve was opened first, followed by the fuel valve opening, to
result in an oxidizer lead so that chamber overpressure could be avoided.

A start transient of a typical test is shown in Figure 16,

The single 10-grain pulse gun was fired at FS-2, By so
doing, a spontaneous instability would be allowed, and the time that elapsed

while the valves closed was sufficient to determine decay or growth values,
= Instrumentation

The parameters necessary to evaluate the experimental
characteristics to determine the combustion stability of advanced injectors
included propellant flow rate, pressure, temperature, and amplitude and
frequencies of chamber pressure oscillations. A schematic of the J-1 test

stand flow and instrumentation is shown in Figure 15.
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(1) Pressure Measurement

There was one Model 352A Photocon transducer
located in the chamber wall and one located in the chamber 1id. Both trans-
ducers were located approximately 1-1/2 inches from the injector face, and the
water~cooled face of the transducer was flush with the combustion chamber wall,
The Photocon transducers were used to measure oscillatory pressure., Pressure
perturbations were introduced by firing a 10-grain pulse charge into the com-
bustion chamber using a squib-initiated Mod V pulse gun. The location of the

pulse gas ports are shown in Figure 9.

Static pressure transducers were used to measure
injector pressure, Two static chamber pressure transducers, connected in
parallel, were located approximately 1 in. from the injector face and were

used to measure chamber pressure,
(2) Temperature Measurement

A platinum resistive temperature transducer and a
high-response copper-constantan (C-C) thermocouple were used to monitor propel-
lant temperature at the injector entrance. Six fast response C-C thermocouples

were located in the fuel manifold to monitor temperature prior to injection.
(3) Flow Measurement

The rate of volumetric displacement of oxidizer in
the intensifier was determiﬁed by a potentiometer attached to the intensifier
piston. Oxidizer flow rate was then calculated as the product of intensifier
volumetric time rate of change and propellant density. Fuel flow rate was
measured with a turbine-type flowmeter. A schematic of the instrument locations

is shown in Figure 15,
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C. TEST RESULTS

1. Annular Thrust Chamber

A total of 7 tests were conducted with the annular thrust

chamber using the coaxial injector pattern (Figure 5).

Each instability pattern observed during the annular testing
was nearly identical in its form and was initiated by the 20-grain charge,
using a tangential pulse gun. The peak-to-peak overpressures of these insta-
bilities ranged from 800 to 2000 psi. The frequency was approximately 2500 Hz,

depending on the acoustic velocity value for each test condition.

Test No. 7, using 200°R hydrogen, experienced--in addition to
its high~frequency instability--a low-frequency (500 Hz) oscillation which
attained an amplitude of 750 psi. Except for one brief occurrence of a low-
frequency (100 Hz and 100 psi) instability on Test No. 3, there was no other
indication of coupling between the feedlines and the combustion process. It
should be pointed out that the large pressure drops across the injector face
due to the small orifice design result in significant hydraulic resistances in

the circuit.

Though the amplitudes of the higher frequency instabilities
were large, there was no evidence of erosion taking place across the injector
face which was protected by a Zr0, coating. The ablative liner of the chamber
did exhibit a "scallop'" effect around its periphery approximately 2 to 3 inches
down from the injector face. The orifices in the heat shield on the high-
frequency transducers were partially plugged by the molten ablative material;
however, the data recorded by the transducers were not seriously compromised.
The eight transducers spaced around the chamber indicate the instability was

a standing first tangential mode,
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In addition to pressure data, a thorough temperature distribu-
tion was made across the entire feed system., Six high-~response thermocouples
were placed in the fuel circuit at the point of injection into the chamber to
allow accurate density values to be calculated, These values were then used
to determine the propellant injection velocity from the measured flow rates.
Temperature measurements were also made in the manifolds, propellant lines,
and into the intensifier using both high-~response thermocouples and resistance

temperature transducers.

Flow measurement data were improved over last year's program.
Two devices were installed on both the oxidizer and fuel intensifiers to
measure piston velocities. One device, a rotary potentiometer spool, gave good
data on the fuel circuit but inconsistent results on the oxidizer side. This
is due to the larger displacement of the fuel piston (6 to 8 feet) versus
approximately 2 feet of oxidizer piston travel, giving greater sensitivity to
displacement measurement errors. A second experimental velocity measuring
device consisted of a slider mechanism riding along a calibrated wire and
yielding an analog output signal, Data from it were sporadic but nonetheless

did, at times, closely correlate with the rotary potentiometer.

As a check on both types of devices, analytical calculations
were made using the temperature data, feed system pressure drops, and experimen-

tal hydraulic resistance values.

The major difference in this year's test program versus the
Phase II work on Contract NAS 8-11741 was the use of higher chamber Mach number
resulting from the use of an annular chamber (e.g., lower contraction ratio).
Two Mach numbers were used, 0.176 and 0,29 (vs a previous range of 0.02 to 0.14),

to define the correlative effect of this parameter,
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Combined modes were common in the Phase II testing; however,
only pure first tangential modes were recorded in the current testing. All
unstable tests exhibited high peak-to-peak amplitudes ranging from 40 to 907 of
chamber pressure, each being triggered by the 20-grain pulse charge. The
initial pressure wave resulting from this charge varied considerably (100 to
1000 psi) from test to test, yielding the same random spread as seen on the

Phase II testing (Figures 17 and 18). .

Referring to Figures 19 and 20, the mixture ratio vs velocity
ratio plots, it may be seen that the unstable points fell within the spontaneous
instability zones plotted from last year's work. Due to the limited number of
tests fired, this could signify either a rightward shifting (higher MR) of the
stability zones or a larger pulsed instability zone. It should be noted that,
since the annular chamber instabilities were triggered by a small charge (20
grain), the combustion sensitivity was close to its spontaneous zone. Forty

to sixty grains were needed in the Phase II testing to trigger the instabilities.

The following correlation equation was obtained from an analysis
of the LOX/LHZ, coaxial injection test data obtained by AGC (NAS-8-11741,
Phase II), PWA, and LeRC. From the multitude of design and performance para-
meters available, six variables were selected which, from empirical results,

could best be correlated to the observed high frequency instability, fS.

The Mach number (e.g. mean chamber gas velocity) and the
orifice diameter, di’ of the least volatile propellant were found to have an

effect approximately proportional to the 1/7 power.

Chamber pressure was related to the sensitive frequency by the
1/3 power in cases when its value was lower than the vaporization pressure of
oxygen. Increasing the pressure above this value did not directly effect the

frequency.
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The test results also correlated the velocity ratio and the
impingement angle to the sensitive frequency. Physically, a high degree of
droplet breakup caused both by a large absolute fuel velocity and it's respective
radial component directed normal to the central (oxidizer stream) would result
in a shorter time lag, T, (e.g., higher frequency, fS). A large central oxidizer
velocity would act to resist this breakup causing the opposite effect (larger

T and lower frequency) to occur,

The intent of this year's annular chamber/coaxial injector
pregram was to validate the effect of Mach No. by treating larger values (0.176

g J.295,

This verification of the Mach number as an important correlating
parameter, together with the results of Phase II testing and the work of LeRC,

na» ied to the following correlation equation:

Mc 0 (Pc/Pcritical)l/3
fS = 4550 T T
i
fs = Sensitive frequeucy (Hz)
MC = Chamber Mach number
di = Injection orifice diameter of least
volatile propellant, inches
Pcritical = Critical pressure of least volatile
(time controlling) propellant, psia
c = Chamber pressure, psia

= Function of the velocity ratio and impingement
angle. This function is not defined for the
nonimpinging showerhead coaxial element.
(Figure 21).
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This formula may be used by a designer in his preliminary work to develop an
injector configuration whose sensitive frequency is displaced from the first
tangential acoustic mode of the thrust chamber, These first order estimates
may then be combined with the analytical results of the sensitive time lag
computer program to obtain a more detailed engine configuration., Of prime
importance is the overall trends which may be observed from changes in any of
the six design parameters. An example problem using the above equation to
make both a preliminary and final design study is presented in Section V,

Application of Results.

Admittedly further testing and research into the physico/
chemical kinetics of high chamber preSSure/LOZ—H2 combustion may lead to the
correlation of additional parameters and/or an adjustment (exponential) of
each term. Also certain parameters may only be correlative over a definite
range (much as chamber pressure appeared to have an effect only when below

oxygen's vaporization pressure).

2. Transverse Excitation Chamber

This series of tests was conducted to demonstrate the capability
of the excitation chamber to characterize injector elements, This type of
information is needed to rate stability of a particular injector design and/or

a variation of operating conditions.

Mixture ratios of around 4 and chamber pressures of 1300 to
1400 psi were evaluated during the test series, Two of the three valid tests
(three tests had an inoperative fuel valve) attained these conditions and both
experienced spontaneous instabilities. One test exhibited a growth rate of
650 db/sec, while the other test had two distinct growth periods. The first,
occurring at the onset of the instability, had a 600 db/sec rate, while the
second growth period came after thermal ignition of the 40 grain pulse charge

had disrupted the initial instability. Its growth rate was 330 db/sec.
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Pressure, temperature, and flow rate measuring devices all
gave satisfactory data, Some damage to the high-frequency pressure transducer

was caused by the instability; however, it did not invalidate the data.

Tables 9 and 10 summarize the recorded valid performance data

together with the stability results,

From the data obtained, the indication is that over the
frequency range of 3000 to 4500 Hz the triplet element shown in Figure 3
has a peak response at 3300 Hz (see Figure 22) at the specified steady state

conditions., This peak response frequency, when related to T by the relationship

compares favorably with previous correlations of 1 (Figure 23) for this type
of injector, This correlation was developed during Phase II of Contract
NAS 8-11741.
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V. ANALYTICAL TASKS

A. ANNULAR THRUST CHAMBER ANALYSIS

1. Annular Combustion Chamber

The analysis for annular combustion chambers fits into the
basic framework of the cylindrical chamber analysis with only a minor modifi-
cation. This modification is the direct result of a boundary condition at
the inner wall of the annula: chamber. A brief description of the analysis

is contained in the following paragraphs.

In the solution of the characteristic equation for the
cylindrical chamber, the pressure perturbation, P', was solved by assuming

a solution of the infinite series form

1 =
P Po + Pl + P2 + ... Pn

Using an order of magnitude analysis on the general perturbation equations

permitted the separation of the general equations into equations for PO, Pl,

etc., where it was assumed that Pl =0 (PO . ue)——that is, one order of

magnitude less than PO by virtue of the product of Po and the steady state

Mach number u --P_, =0 (P_ . u 2), and P =0 (P_ . u n). The solution for
e 2 o e n o e

PO considered terms of 0(1l) with the result that Po represents the solution

of the acoustic equations in a no flow, no combustion system.

The Po equations were solved by using the separation of

variables technique:

P = PO(Z) wo(r) eo(e) ()

Page 34



Report 20672-PIF
V, A, Annular Thrust Chamber Analysis (cont.)
and resulted in three ordinary differential equations for
PO(Z), wo(r), and 60(9).

The modification to the cylindrical chamber analysis imposed by the annular
analysis presents itself in the solution of wo(r). The discussion hereafter

will be concerned with ¥ (x).
. o

The differential equation for wo(r) is the classic Begsel

equation which results in the following general solution:
wvn(r) = ClJv (S\)n . )+ C2Yv(svn . T) (2)

where Jv is the Bessel function of the first kind, Yv is the Bessel function
of the second kind, and Svn (where v specified the order of the Bessel
equation) is the transverse acoustic mode number. Specifically, this means

that at all chamber walls

Wy,
dr

Applying this condition to (2) yields

C
1 — = 1! 2 4t
pr=0=31 (s, . T+ e, AN CIENE (3)

at the outer wall, r = 1, equation (3) reduces to

C
1 2 1 —
o (Svn) + ¢, I, (Svn) =0 (4)
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For the cylindrical chamber case, equation (4) reduces to
JG (Svn) =0 (5)

since B must be zero because Yv becomes infinite at r = 0. The solution of
equation (5) serves to define the transverse acoustic mode number, Svn’ for

cylindrical combustion chambers.

The annular chamber has its inner wall located in the range
0 R' 1. Therefore, for the inner wall, equation (3) is written.

C2
—_— ! ' = =
Yv (Svn . R") 0, @r =R (6)

1 1
I3 (S\)n . R") + C
1
whereas at the outer wall, r = 1 and equation (4) is still applicable.

Solution of (4) and (6) simultaneously yields

{ ' " 1! 1 ' =
Jv (Svn) Yv (Svn R") Jv (S\)n R") Yv (Svn) 0 (7)
The solution of equation (7) defines the transverse acoustic mode number,
Svn’ for annular chambers. Fortunately, equation (7) has been solved in
Reference (29) and the values of S\)n are listed as a function of

R' where R' = Ri/Ro on Table 11.

Thus the use of an annular chamber will alter the fre-
quencies of the transverse modes. The extent of the alteration is illustrated
in Figure 24, 1In addition, radial injection distribution effects will be
minimized by the use of the annular chamber so that in most cases the distri-

bution coefficients A _, B, and C can be assumed as unity.
vn vn vn
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2.. Annular Exhaust Nozzle

The configuration of the exhaust nozzle effects the nozzle
admittance coefficients that are used in the boundary condition imposed by
the analysis at the chamber/nozzle interface.

The annular exhaust nozzle analysis does not differ signifi-
cantly from the cylindrical nozzle analysis. The only difference is in the
determination of the local contraction ratio as a function of the z-coordinate

for input into the isentropic relationship

Y+1
2(y-1)

Az _ L 2_ {1+ l%J'--uz(z)}

Ath u(z) Y+1

to define the local Mach number, u(z). This is accomplished in the computer
program by specifying the inner and outer radii of the annular chamber and
throat. A detailed discussion of the computer model which includes the annular

chamber analysis can be found in Appendix B.
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B. STAGED COMBUSTION MODEL

The high frequency staged-combustion stability analysis has been
completed for the simplified engine system in which the effects of oscillations
on liquid propellant injection rates are neglected. The oscillatory flow of
fuel-rich combustion products from the primary combustor is included, and
provides the dynamic coupling between the two combustors. The simplified
analysis is directed toward the study of these coupling effects. In the first
version of the analysis, complications which have been studied previously--—
such as axially distributed combustion and exhaust nozzle shape-~are not con-
sidered. Similarly, to bring out the coupling effects more clearly, the turbine
is replaced by a simple orifice. All of these features can be added to the

model, but introduce complications that will obscure the results.

The system considered is represented schematically in Figure 25.
The approach taken to the solution is to assume that the engine design parameters
are given. Then instability zones are calculated for the secondary combustor,
for assumed values of the primary combustion parameters (np, Tp), and for
the total time lag of the hot gas Teg® The shift of the instability zones
as these combustion parameters are varied shows the nature of the interaction
between the two combustors. An alternative approach would be to solve for
the instability zones for the primary combustor, assuming values of the secon-
dary combustion parameters. A closed-form solution is impossible because
of the presence of a set of simultaneous, nonlinear, algebraic equations,

requiring an iterative solution.

For purpose of analysis, the engine system can be divided into four
parts: (1) the propellant feed system, (2) the primary combustor, (3) the
secondary combustor, and (4) the turbine. The first-order analysis involves

the following assumptions: the propellants are incompressible, the feed
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lines are very short, the combustion is concentrated at the injector end of
each combustor, and the mean chamber Mach numbers are small. Although there
are many significant interactions between low and high frequency types of

instability, initially the two will be treated separately.

To simplify the analysis it is assumed that the Mach number of
the mean gas flow through the combustion chambers is small, that the perturba-
tions of all flow properties about their steady-state values are small, and
that the combustion is concentrated at the injector face. Then the perturba-

tions are governed by the linear wave equation:

2 ) 2

d P’ s p!

= |=]|~- = [=]|= o0 (8)
2(13) 2(@')

where the unsteady pressure is of the form P (z,1) = P+ p! (z)eST

The boundary condition at the injector face, that is at the

downstream side of the combustion front, can be written as

' s m -8T m. -8T iy '
LeE R o2 L e e B a0 (9)
u P m ﬁf P

At the chamber exit, the boundary condition can be written in terms of an

admittance coefficient:

, at z =1L (10)

where o is the complex, dimensionless admittance coefficient, which determines
the phase and amplitude of the wave reflection. For a = 0, the reflection is

that from a solid wall; o = 1 corresponds to no reflection (waves propagating
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downstream only); and o = » corresponds to reflection from an open end, at

which the pressure is kept comstant. For rocket chambers, o lies between
Y-1

0 and 1, and for short, supercritical nozzles, o = 7 . In general, o is

dependent on both nozzle geometry and frequency.

The injector boundary condition includes both propellant feed
and combustion dynamic response contributions. For generality, each of the
bipropellants is assumed to have its own total time lag Tye However, if the
propellants are well mixed in the process of injection, a better assumption
would be a common total time lag. For simplicity, in the high frequency
response of the combustion, a single sensitive time lag is assumed, since the
processes involved are more likely to occur after the propellants have been
mixed. The form of the combustion response is that developed by Crocco, in
which the parameters are the sensitive time lag 1, which is related to the
frequencies at which oscillations can occur, and the interaction index n, a

measure of the magnitude of the combustion response to a disturbance.

The general solution of equation (8) is

.‘?’_E. Sz
, _sz
E o @=ce® + cye © (11)

d

for which the velocity perturbation is given by

1]
l{—“-~(z)=czec c,e© (12)

el

Substituting these expressions into the boundary conditions, equations (9)

and (10), yield the combustion>chamber equation

2sL

- - : 1-Be®
u- uY(F + P) = T 3sL (13)

1+Be©
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V, B, Staged Combustion Model (cont.)

where _ .y _ _ .1 _
co R P Px k1 P Re ¢ (14)
T R+l1 = ! R+1 = '
m m
X f
and B = l+ag , P=n (l—e_ST)
1-qu

In considering the feed system effects it is convenient to make
use of a flow admittance, G, defined by

1

He

G =

i

1

2]

For incompressible flow, and assuming that the feed lines are very short, the
admittance at the downstream end of a feed line, G2’ can be expressed in terms
of the admittance at the upstream end, Gl’ by the relation

I
2 l—Zl G

1

where Z; = 2 (Pl—PZ) / . If the line originates in a propellant tank, the

G

equation simplifies to

A
1 2AP
for cases in which the lines are too long to neglect wave effects, or the
propellant compressibility must be considered, the relation between the
admittances becomes much more complicated and is dependent on frequency.
Such complications, which can have a significant influence on the stability, .

will be introduced into the analysis at a later time.

A schematic diagram of a simplified staged-combustion engine is
shown in Figure 25. For the present, we consider the turbine to be a short
length of line with a pressure drop, with an admittance coefficient at the
entrance ap, to be specified. Applying the combustion chamber and feed line
relations to the components of the engine system results in the following set

of simultaneous equations:
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V, B, Staged Combustion Model (cont.)

Initial feed line sections:

R T 2
fp Zf 2APf
G = - l=—mx
x1 ZXl ZAPXl

At the tee in the oxidizer line:

le = Gx2 + Gx3

Primary combustor injector:

GX2

G =
x2 GXZ

xp 1-Z

Primary combustor:

2sL
P
c
u - Yu (FP +P ) = 5ol
c
1+B e P
P
P —8T_ ST
F ==L [g_ e *P+g._e P
P T Xp £
m A
P
) —srp
P = n (l-e
P )
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V, B, Staged Combustion Model (cont.)

Turbine inlet:

o
G = 2 (1+a)
pe YP
p
where m=m +m
P Xp fp

fs l—Zt e
G - Gx3
Xs l—ZX3 GX3

Secondary combustor:

2sL
8
s
_ 1 - BS e
us B Yus [Fs + Ps] = 2sLS
s
1+B e
s
Fs ~8T_ -sT
F = — [G e + G. e
s - XS fs
m
s
~ -sT
P = n (l-e S)
s s
1+ as(s) u_
B =
s

1~ us(s) u
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V, B, Staged Combustion Model (cont.)

In general, it has been observed that the total time lag is about
6 to 10 times larger than the sensitive time lag. Thus, for frequencies of
interest to high frequency instability, the effects of the feed system terms
will tend to average out over the finite length of the actual combustion
zone. However, since the total time lag includes the times required to
accomplish the processes of atomization, vaporization, mixing, and heating of
the propellants, some interaction is likely in high pressure engines,

particularly in the secondary combustor.

The most successful approach to the solution of the perturbation
equations for high frequency instability has been to consider the relations
between the system parameters that must hold in the case of neutral oscilla-
tions, the "stability limit" relations. The generalized frequency, s = A + iw,
includes both a real part A, which is the amplification factor, and an
imaginary part iw, where w is the oscillation frequency. To obtain the
stability limit conditions, the real part ) is set equal to zero. The system
equations can then be reduced to a single complex characteristic equation,
which indicates that the occurrence of instability involves both a gain and
a phase condition. It has been found convenient to select two of the
combustion parameters, and to solve for these parameters as function of the

frequency and of the other system parameters.
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TABLE 2

SUMMARY OF FULL~-SCALE COAXIAL INJECTOR
DESIGN CHARACTERISTICS

Number of elements 54
Thrust per element (F/el) 1b 1200
Mixture ratio (MR) 5.5
Chamber pressure (Pc) lb/in.2 2500
Injection density (ﬁ/Aj) lb/sec—-in.2 3.15
Total flow rate (&T) 1b/sec 180
Oxidizer flow rate (wo) 1b/sec 152
Fuel flow rate (wf) 1b/sec 27.6
Injector velocity ratio (vf/vo) 3.5
Oxidizer velocity (v ) ft/sec 150
Fuel velocity (v,) ° ft/sec 525
Fuel temperature (TFJ) °R 80
Pressure drop across oxidizer orifice (APO) psid 350
Pressure drop across fuel orifice (APf) psid 260
Oxidizer orifice diameter (Do) in. 0.224
Fuel orifice diameter
Inside in. 0.283
Outside in. 0.339
Annulus width normal to flow in. 0.035
Orifice included impingement angle (ui) ° 60

Note: This injector is schematically shown in Figure 5 and a
photograph of the injector is included as Figure 6.
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TABLE 3

TRIPLET INJECTOR COMPARISON

High Inj Low Inj

Parameter Density Density
Injection density, lb/sec-in.2 3.0 1.0
Number of elements 600 192
Total flow rate, lb/sec ~ 180 =60
Mixture ratio 5.5 5.5
Orifice exit velocity, ft/sec

(a) Fuel 700 700

(b) Oxidizer 200 200
Orifice diameter, in.

(a) TFuel 0.047 0.047

(b) Oxidizer 0.040 0.040
Impingement angle, ° 30 30
Impingement height above face, in. ) 0.348 0.433
Fuel bar height above oxidizer orifice plane, in. 0.197 0.250
Number of radial fuel bars 48 24
Fuel temperature, °R 80 80

Fuel coolant, % 8 8
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TABLE 4
FULL-SCALE ENGINE NOZZLE CONFIGURATION
Magnitude of Parameter

at Chamber Pressure of
Parameter Units 1500 psia 2500 psia

Throat diameter (Dt)

oD in. 9.290 8.480

ID in. 7.090 7.090
Exit diameter (De)

oD in. 11.010 10.200

ID* in. 5.400 5.400
Throat area (At) in.2 28.3 17.0
Exit area*#* (Ae) in.2 95.2 81.8
Area ratio (Ae/At) 3.36 4.81
Entrance angle (B) ° 50 50

(center body and chamber
nozzle inserts)

Expansion angle (o) ° 15 15
(center body and chamber
nozzle inserts)

*With carbon extension nozzle detached.
#*With carbon extension nozzle attached; i.e., if attached, center body
nozzle exit diameter = 0.
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TABLE 5

EXCITATION CHAMBER TRIPLET ELEMENT INJECTOR CONFIGURATION

Parameter Units Magnitude
Number of elements - 3 11
Thrust per element (F/el) 1b 370 100
Impingement incidence angle ° 30 30
Mixture ratio 5.5 5.5
Total flow rate (W) 1b/sec 3 3
Oxidizer flow rate G&o) 1ib/sec 2.54 2.54
Fuel flow rate (ﬁf) 1b/sec 0.46 0.46
Oxidizer orifice diameter (Do) in. 0.0755 0.0400
Fuel orifice diameter (Df) in. 0.0885 0.0470
Fuel coolant orifice diameter (ch) in. 0.026 0.026
Percent fuel coolant 7% 4.7 4.7
Oxidizer velocity (Vo) ft/sec 190 190
Fuel velocity (Vf) ft/sec 665 665
Velocity ratio (Vf/Vo) 3.5 3.5

Fuel temperature (Tf) °R 80 80
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TABLE 6

EXCITATION ENGINE CHAMBER CHARACTERISTICS

Wedge Number of Fundamental Included
Dash Number Inserts Frequency, Hz Chamber Angle, °
No wedge 7 2000 36.0
-1 5 2800 25.2
-3 4 3500 19.8
-5 3 4500 14.5
-7 2 7000 9.0
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TABLE 7

EXCITATION ENGINE NOZZLE GEOMETRY

Nozzle Throat Width¥*,

Nozzle Dash Number No. of Propellant inches
Chamber Pressure Injector Flow Rate, Chamber Pressure
1500 psia 2500 psia Ingserts 1b/sec 1500 psia 2500 psia
-17 -9 7 21 1.470 0.885
-19 ~11 5 15 1.050 0.630
-21 -13 4 12 0.840 0.505
-11 ~15 3 9 0.630 0.380
-15 -23 2 6 0.380 0.230

*The throat height is a constant 2.250 inches.



Report 20672~PIF

BE-LEETY afqelsun = B ‘aqe3s = § ‘posind = dx
aTqegsun snotassd auy og
JETTUTS 3I9M PIPIODDL
(swxog sava) ByeBp
ayy “aoasmoy ¢ aFeurep

POUTBLSNS FQUSIMAZIUT [ 00$ n H°6LT LTET T0°L 6T L (2-sd)zon'T
aanssaxd fousnbairy UITH 05 005 o 00T/02 d SYEYHEIY FIS LiT*0 8°.9T 6THT sl'g £€6°9 980°T
GUENT Tezt €L9 €69 006°0 10O
g LL 1822 oLy 9Lt (2-sd)sne T
G'gl 20€2 78 3L€ 98T°T
-- -- 8 sze/0g d fia 0008 oolz 9iT 0 §°20T sgze £1°9 6€°€ 006°0 900
“pagn BY8p 28BIDAY
*PIUOTJOUNITEM SATBA 'O -- - g squopId ON o'elt 951 €92 984 SHMYWEY 3ES  S00
h°6L n64e gr'e gL°g (2-84)965°T
108 s6ee 0T 4 Piad ] i Sin't
s 000T/02 fing 000T 0053 9LT 0 6°96 chee e 266 966°0 %00
5768 6y 6E° 1T 02t (2-84)T00 2
08 S H0T ohip a4 LT 16°€ £69°'T
of T H6 294 79T ST°e 405 T
[+ 1706 26y T0°€T 90°# o' T
- - g 0'66 ey 90°9T 0L oHT T
°PBUO TROUNITRU 34TBA X0 00t 00T n §EYO0DNDATY ON £°g6 €Ty 04°9T #6'€ 0l6°0 €00
9°9L gLET SYEVHAY THS (2-sd) 6T
*2-gd 9 DIBAID GUAN G'9L Lont Pra 96°6 QLG T
-8INSBI HOTY ISZTPEXO -- - s ogz/oz d fes 00ET osh2 62°0 [ SeHT 6e°¢ 28'¢ oHT'T 200
9°08 Lyt #T°€ 29°9 (2-8d)h09' T
628 =344 9°€ 98°6 072" T
-- -~ Sx 096/02 dx I 008 ooH2 62'0 €8 (9540 '€ 509 910°T  TCO
SHIVAEY (Sread-03-3wad) 2H A3TTE9998 “10@y 8810 °d 40 'ds SPOR  (Weed-0g-3ead) 2H *ofl g, °Tsd oTged  OT4Ey o8 'oN
18d ¢fouanbaag \on.mm UTBID) asnsy Tsd ¢ Rousnbaxl yoBN ‘aangexsdws], ‘sanssaad  L3TO0TSA  IINGXTH fawtl 989
¢ spng TTdury ¢ spngTrdny “8ay ua3oIpE IqWED
fousnbaig AOT Aousnbazy 4eTH SHALANYEV] NOLLIGNOD DNILVHEA0

SEILEAVEYE KAIITTEVES

SLTASHY ISHL ALTITIAVILIS ANV HLIVLIS AQVILS
8 dTIVL

Table 8



Report 20672-PIF

%)
09°0-55°0
86T

\/

v 48

06L9

1eC
£1¢

€€l
9°t
89°¢
1L°6
(LU AN

0LET
806°1
SL9°0
8/T1/1

90

*SUOTIBTTIOSO MOTJ 2wWai3xd 03 2np L1030BISTIESUN 2I8M $1S9] (T)

$)) ) @) (1) (1)
09°0-65°0 - - 2°1-5"0 -~

861 8°6T 86T G 1 S 91

Vi Vi Y € €
1°26 - - 08 -~
¥T19L -— - 008Y --
16T - ~ 002 —_—
€12 - -~ 002 -
99°8 - - 09'% -
%9°€ — — 0€°ST -
842 - - 09°0 -
10°6 - - 02°6 -
67° 1T - - 08°6 _
06¢€T - — 0S6 —_

806'T 806'T 806°'T rAARS AR

G65°0 —_ - 0S0°'T 6050

8/11/T 8/1IT1/T 8/0T/T ([/1Z/TT L/0Z/CT

S0 %0 €0 20 10

XX0-W0-70d—-00TT I9quny 1saf,

*3s93 A10310BISTIRS (%)
*anTea poansesw aITId1gd (€)
ruado 03 paTIRI SATRA UaB0IpdH (7))

298

%
098/13

-
-

Umm\nﬁ
99s8/q1
098 /qT

X96T/X/X

3TUn

YOIDELNT IdTdI¥NI INAWATI-TT
AIVWANS VIVA HONVWIO49dd HENIONE NOIIVIIDXHE

6 19Vl

- 28910

sjIeWal 3S9F

awtl aTdweg

aT8ue zaquey)

sjaasur zo0398fur jo °oyN

¥9 094l 7%

(x2) £A3T0073A OT3STASIOBRIBYD

g °q
ISZTPIXQ °®

Amav aanjexadwol uorioafur
(9A) oT3el AITOOTOA
(MW) OT3Iel BINIXTH

18nd  °o
192IPTX0  °q
Tel0L ‘'®

(#) @381 MOTZ

b
( d) ®anssaad aaquey)
€) Au<v Baie leOIY],
AuuV uotleang
peisel aije(q

Aa]aueied



Report 20672-PIF

opouw Tejiusluel ISITI - II V
£3TTTqe2suT snosuejuodg - 48 y

oce ds II 06t 0062 871 8LET 1¢°9 €y 006°0
oge ds II 061 jy402 o%1 L8€T 26°L €8¢ 0€L"0
09T S6€ET 8L°6 16°¢€ (T-83)549°0
*4&r3aeaodwey £3rTrqEisuy 291 S6ET 8L°6 18°¢ 699°0
Ino syoouy @8aEYo ureas-—QY L9T L8€T $1°0T L5°¢ 259°0
009 ds LI 952 0S1E 8LT Z8€T SET0T 19°¢€ 0%9°0
009 ds 11 00€ 092¢ 144 €eeT €S°ET 65°¢ 0L5°0
009 ds I1 [1)%4 00ge G627 €T %0 ST 9L°¢ 0150
9T1¢ LYET 98°ST QLe 06%°0
- - - - - = - -— bl #0€°0 200
09 ds I1 0LT 00€e 0T 08€T ¥8°9 68°€ 0%9°0
059 ds I1 0LT 00€e oyT 9.¢T o} FAES (Z-S4)665°0
09 ds II 0LT 0GEE 09T YLIET L6°8 oL¢ 096°0
059 ds II ovT 09¢€ 00z T9€T €€ 0T LLe 0z5°0
059 ds LI 0zt 0sve - 0521 - - 00%°0
*ssTnd ¥ v
utead-Qy o uor3TusT TERWISYL - —-— - - - - - - -~ 85€°0 $00
safeasay
- - - - - 00e 656 Q9% 0s°eT 93e3g-4pEolg 200
[EELTE owm\nv ?asne) @POK Axmmmlculxmmmv ZH Yo eTsd [} +1:3:4 oF3ey 298 *ON
‘azey 1sd ‘opniprduy  ‘Lousnbaayg ¢ganjexsdusy], ‘aanssaxg  LITOOT9A  QIANIXTR ‘aury, 3897,
yimnoan _.HUMOM“%N Iaquey)

VIV AONZNDHYA HOIH YAGWVHD NOIIVIIOXHE HSYHASNVIL
0T dT9VL

Table 10



Report 20672-PIF

TABLE 11
BESSEL FUNCTION VALUE (Svn) FOR TANGENTIAL MODES IN ANNULAR CHAMBERS
ann

Annular
Chamber Geometry Tangential Modes
(Radius) Inner 1T 2T 3T 4T 2T 6T
(Radius) Outer
0.910 (S\m)ann = 1.04802 2.09602 3.14401 4.19197 5.23989 6.28778
0,833 1.092 2.1846  3.27672 4.368 5.4588 6.5496
0.667 1.209 2.412 3.61 4.80 5.98 7.14
0.500 1.35 2.68 3.98 5.18 6.34 7.45
0.400 1.41 2.85 4,10 5.27 6.40 7.5
0.333 1.54 2.91 4.17 5.31 6.42 7.5
0.286 1;60 2.99 4.18 5.31 6.42 7.5
0.250 1.64 3.00 4.18 5.31 6.42 7.5
0.222 1.67 3.02 4,18 5,31 6.42 7.5
0.200 1.70 3.025 4,18 5.31 6.42 7.5
(Syn)
NOTE: 1. Figure gives the frequency ratio wviz. (s )annular
for different chamber geometries. VTiY eylindrical

2. Calculation of annular chamber tangential frequencies
a(Syn)
annular

2mv/o0

=

Reference: Bridge and Angrist, '""Math. of Computation, 16, 78," April 1962.
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Transverse Excitation Chamber with Lid Removed

Figure 2
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Effect of Pressure on Impinging Coaxial Injectors
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I. INJECTOR DESIGN STUDIES

The basic Contract NAS 8-20672 "Stability Characterization of Advanced
Injectors" contained four discrete tasks. Task I was the continuation of
analytical model development based on Sensitive Time Lag Theory. Task II con-
sisted of‘determining,the tangential high frequency response characteristics of
gas generator assemblies, and the stability characteristics of staged combustion
secondary injectors. Task III contained an evaluation of the longitudinal
high frequency response characteristics of gas generator injectors. Task IV
consisted of determining the effect of injection density on the stability of

coaxial injection elements.

Designs were made for each of the injectors for the tasks mentioned above.
Revisions to the basic contract excluded the fabrication and testing of injectors
and components on Tasks II and III; these designs are discussed in this section.
Task I did not include design of hardware and remained unchanged throughout
the contract; Task IV remained, the hardware and test results are discussed in
the text of this report. The designs presented were finalized after a study
of injector parameters such as: injection demsity, pressure drop, orifice size,
number of elements, scaleability and element distribution. These designs will

be presented in the order of the respective contract tasks.

IT. TASK ITA -~ PRTIMARY COMBUSTOR HIGH FREQUENCY STABILITY CHARACTERISTIC

A. GENERAL

The primary combustor investigation was to be performed with an
annular gas generator assembly (GGA) consisting of: 1) an 11.0 in. 0.D. and
a 9.25 in. I.D. annular combustion chamber, 2) two annular nozzles to allow
two chamber pressure variations, and 3) an injector delivering liquid oxygen
and liquid hydrogen. The annular configuration was to encourage the tangential

mode of the high frequency instability. Design test operating conditions were:

Page 1
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II, A, General (cont.)

1. MR = 0.5 to 1.0
= 2500 and 4000 psia
3 WT = 60 1lb/sec

B. INJECTOR DESIGN CHARACTERISTICS

Four types of injectors were designed and are shown in

Figures 1, 2, 3, and 4:

Coaxial
High thrust per element triplet

Low thrust per element triplet

S~ W N e

Concentric ring

Each injector had the following common design features.

Oxidizer velocity = 150 ft/sec
Fuel velocity = 525 ft/sec
Velocity ratio = 3.5
Injector face area = 28 in.

Page 2



Report 20672-PIF, Appendix A

II, B, Injector Design Characteristics (cont.)

TABLE 1
TASK ITA ANNULAR GAS GENERATOR INJECTOR FEATURES

Parameter Injector Type

Coaxial Triplet Triplet Concentric Ring
Number of elements 18 18 72 10
Orifice size a) Fuel (in.) 0.416 OD 0.243 dia. 0.125 dia, 0.045 wide

Annulus

b) Ox (in.) 0.175 dia. 0,175 dia. 0.086 dia. 0.023 wide

Oxidizer slot diameter (in.) - - - 10.12
Impingement angle (deg) Nonimpinging 30 30 30

or 30
Element array Circumferential Radial Radial Circumferential
Manifold method a) Fuel L % *% *%

b) Ox % % % *

*Flooded annulus
**%Drilled hole connected to flooded annulus

IIT. TASK TIB - SECONDARY COMBUSTOR HIGH FREQUENCY STABILITY CHARACTERIZATION

A. GENERAL

The secondary combustor investigation required a liquid/liquid
primary combustor to produce the fuel rich gas for the gas/liquid secondary
combustor. The primary or gas generator combustor was a 6 in. diameter
cylindrical injector selected from Task III; these gas generator injectors will
be discussed in Section IV of this Appendix. An orifice between the primary
and secondary combustor simulates turbine pressure drops and also decouples

low frequency interactions between the two combustion chambers.

Page 3
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I1I, A, General (cont.)

An 18 in. diameter to 14 in. diameter transition piece joined the cylindrical
primary combustor to the annular secondary combustor. The fuel rich gas
generator supplied gas at 1400°F - 1800°F to a secondary combustor which was
designed to operate at a MR of 5.5, and a Pc of 1000 or 2500 psia and deliver
60,000 1b of thrust.

B. SECONDARY INJECTIOR DESIGN CHARACTERISTICS

Four types of injectors (Figure 5) were designed for the secondary
combustor: (1) coaxial, (2) high thrust per element spray bar, (3) low thrust
per element spray baf and, (4) concentric ring. Manifolding was similar for
all four units. Design and operating characteristics for these secondary

injectors were:

1. Oxidizer velocity 150 ft/sec
2.  Fuel velocity 525 ft/sec
3. Velocity ratio 3.5

4. Total flow rate 180 1b/sec
5. Injector face area 90 in.
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I1I, B, Secondary Injector Design Characteristics (cont. )

TABLE 2
TASK IIB SECONDARY COMBUSTOR INJECTOR FEATURES

Injector Type

Parameter Coaxial Spray Bar Spray Bar Concentric Ring
Number of elements 14 4 16 1
Orifice size

a) Fuel (in.) 0.786 0D 0.723 wide 0.723 wide 0.51 wide outer
0.69 wide inner
b) Oxidizer (in.) 0.224 dia. 0.224 dia. 0.112 dia. 0.112 wide
Oxidizer slot
diameter (in.) - - - 11.5
Impingement angle (deg) Non- Non- Non- 30
impinging impinging impinging
Element array Circum- Radial Radial Circumferential
ferential
2 rows
Manifold method
a) Fuel % * * %
b) Oxidizer *% *% *% *%

*Flooded back
#*Tube fed by outer annulus

IvV. TASK III - LOW FREQUENCY STABILITY CHARACTERIZATION

A. GENERAL

This hardware was to evaluate the longitudinal modes of high
frequency instability of various gas generator injectors in a variable length
combustion chamber and then use the best candidate injector on Task TIB.

The TCA consisted of a 6 in. diameter injector in a 6 in. diameter water-cooled,
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IV, A, General (cont.)

variable-length chamber and an ablative nozzle. Test conditions used for the
design were the same for the annular gas generator described in Section IIT.
MR 0.5 to 1.0
Pc 1,000 and 2,500 psia
Injection density = 3 lb/sec. in.2

WT = 60 1b/sec

i

]

B. INJECTOR DESIGN CHARACTERISTICS
Four injectors (6 in. diameter) as shown schematically in Figures 6,
7, 8, and 9 were designed for the 6-in.-diameter cylindrical gas generator.

The injector types were as follows:

Coaxial

. High thrust per element triplet

Low thrust per element triplet

> LN

. Concentric ring

Each had the following design features:

Injection density 2.1 lb/sec—in.2
Oxidizer velocity 150. ft/sec
Fuel velocity 525 ft/sec
Velocity ratio 3.5

Injector face area 28 in.
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IV, B, Injector Design Characteristics (cont.)

A comparison of injection pattern design features is presented in

Table 3.
TABLE 3
TASK IIT GAS GENERATOR INJECTOR PATTERN DESIGN FEATURES
Injector Type
Concentric
Coaxial Triplet Triplet Ring
Number of elements 18 18 72 2
Orifice size
a) Fuel (in.) 0.416 0D x 0.242 dia. 0.122 4 . at 0.045 wide
0.238 ID
b) Ox (in.) 0.175 dia. 0.175 dia. 0.086 2 at 0.023 wide
Oxidizer slot
diameter in. - - - 3.54 outer
2.14 inner
Impingement
angle (deg) Non- 30 30 30
impinging
Element array Circum~ Skewed to Circum- Circumferential
ferential radial ray feren- 2 rows
2 rows tial
2 skewed
rows
Manifold method
b) Oxidizer % * 4+ tubes *% 4+ tubes II

*Flooded back plate
*#*Flooded annulus
**%%Flooded annulus and drilled holes
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'S TASK IV - HIGH INJECTION DENSITY INJECTORS

A, GENERAL

The purpose of this task was to study the effect of injection
density and Mach number on combustion stability. The coaxial and triplet
injectors designed and fabricated for the test program reported in Section V,A,
of this report were designed as part of this task. The combustion chamber
was an annular configuration formed from a cylindrical combustion chamber with
a 10.50-in. inside diameter and a center plug with a 6.l4-in. outside diameter.
Test conditions are the same as those described in Section V,A, and are

summarized as follows:

MR = 5.5

Pc = 1500, 2500 psia
Inj. Density = 3.15 1lb/sec in.2
ﬁT = 180 1b/sec

B. INJECTOR DESIGN CHARACTERISTICS

In addition to the injector fabricated on this task, four other
injectors were designed. Conceptual drawings of these designs are shown in

Figures 10, 11, 12, and 13. The injectors include the following type:

1. 54~Element Triplet
2. 108-Element Triplet
3. 432-Element Triplet

4, Concentric Sheet
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V, B, Injector Design Characteristics (cont.)

These injectors had the following design features in common:

Oxidizer velocity - 150 ft/sec
Fuel velocity - 525 ft/sec
Fuel temperature - 80°R
Oxidizer AP - 350 psi
Fuel AP - 260 psi
Oxidizer include impingement angle - 60°

VI. FULL SCALE TEST RESULTS ON THE ANNULAR COAXTAL INJECTOR

A. TEST 1100-D01-0M-001 (SATISFACTORY TEST)

This test was plénned to operate at a chamber pressure of 1500 psia
at a MR of 4.0 for 2.0 seconds utilizing S/N -1 chamber and a -1 nozzle
(At = 28.3 in.z) and a coaxial injector. The actual test was conducted at a
Pc of 1430 psia and a MR of 6.24, The test was short in duration (1.60 seconds)
because a voltage surge occurred when the first pulse gun was fired, which
activated FS-2, Corrective action was taken by installing a larger resistor
in the pulse charge electrical circuit. Slight erosion of the ablative liner
was noted after this test; the final throat area was 32 in.z. No streaking
was noted; however, increased ablation and erosion were noted near the injector

face. Three Photocon pressure transducers were damaged during the test. There

was a 207 overpressure at start indicating a moderate start.

B. TEST 1100-D01-0M-002 (SATISFACTORY TEST)

This test was planned to operate at a Pc = 1500 psia, MR = 6, and
fuel temperature = 80°R for a 2.0 second duration. There was no hardware

changed after Test 001 except for replacement of the damaged Photocon pressure
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Vi, B, Test 1100 D01-OM~002 (Satisfactory Test) (cont.)

transducers. Actual average operating conditions of the test were Pc = 1244 psia,
MR = 5.58 Tf = 126°R; the test went to full duration (1.94 sec). Thermal damage
was noted on four Photocon transducers and the center body nozzle extension

was missing after the test. Although the overall dimensional ablation of the
liner was small, it was noted that the chamber had eroded a leak path in back

of the ablative liner from the igniter port to the interface of the liner with
the nozzle insert. The nozzle of an expended igniter was burned off and the
threads were damaged. The damaged combustion chamber was removed from the stand
for repair. A review after test indicated all pulse guns fired. There was a

30% overpressure at start indicating a moderately hard start.
C. TEST 1100-D01-0OM-003 (SATISFACTORY TEST)

A new chamber and nozzle were installed on the coaxial injector.
Modifications were made to the Photocon port configuration to alter the thermal
conditions causing damage to the instruments. This change consisted of drilling
a 0.312-in.~diameter hole in the liner (centered with the Photocon transducer)
and gasketing the Photocon so as to produce a gap between the instrument pres-
sure plate and the ablative liner of 0.100 + 0.030 inches. This change permit-

ted greater distribution of the thermal flux to the pressure transducer.

This test was planned to operate at Pc = 2500 psia, MR = 6.0, and
Tf % 80°R for 2.0 seconds. The test was of full duration (2.0 seconds) but
operating conditions were not achieved because of a valve actuation malfunction
which caused the valves to open only 10%. The resultant chamber operating
conditions were 465 psia at a MR of 3.73, with fuel temperature 113°R; all
pulse guns fired. There was no evidence of damage after the firing; normal

dimensional ablation was noted.
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VI, Full Scale Test Results on the Annular Coaxial Injector (cont.)
D. TEST 1100-D01~0OM-004 (SATISFACTORY TEST)

This test was a repeat of the operating conditions of Test 003
(Pc = 2500, MR = 6.0 and Tf =~ 80°R). The control system was altered for this
test to reduce the PC overshoot and thus soften the start and increase in valve
actuation pressure to prevent malfunction as in Test 003. The hydrogen valve
sequence was charged to ramp partially open before being controlled by the
downstream injector pressure. The change resulted in the chamber pressure
overshoot being held to under 2%. The test conditions which resulted were:
Pc = 2400, MR - 5.77 and Tf = 108°R. The duration was less than 2 seconds
because the combustion stability monitor signaled shutdown. Two Photocon
transducers were damaged and required replacement. Light dimensional ablation

was noted.
E. TEST 1100-D0O1-0M-005 (UNSATISFACTORY TEST)

The test conditions were P, = 2500 psia, MR = 4.0 and Te ® 80°R.
The prefire throat area was 19.45 square inches. Because of a malfunction,
the valves failed to open the required amount. The malfunction resulted

in a test duration of 1.10 seconds.
F. TEST 1100-D01-0M-006 (SATISFACTORY TEST)

This test was a repeat of the prior test conditions,
(Pc = 2500, MR = 4.0 and T ® 80°R). The hydraulic pressure which actuates
the thrust chamber valves was again increased to assure valve opening. The
test was conducted at a chamber pressure of 2320 psia, MR of 3.79 and a fuel
temperature of 125°R. The duration was shortened by a decrease in chamber
pressure which activated the thrust chamber pressure switch at 1.25 seconds.
The final throat area was 19.45 in.2 and after firing it was 20.20 in.2

No streaking was observed.
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VI, Full Scale Test Results on the Annular Coaxial Injector (cont.)
G. TEST 1100-DO1-0M-007 (SATISFACTORY TEST)

This test was the final one on the coaxial injector. Planned oper-
ating conditions were: PC = 1500 psia, MR = 6.0 and Tf = 200°R. Because of the
decreased density of '"warm" hydrogen the duration was set at 1.46 seconds. The
test was shut down by the fuel depletion switch. The actual conditions were:

PC = 1440 psia, MR = 9.53 and Tf = 200°R. The prefire throat area was 20.20
square inches and increased to 22.25 square inches. Nominal dimensional

ablation was noted.

VII. TEST RESULTS OF TRANSVERSE EXCITATION CHAMBER TESTING

A, TEST 1100-D02-OM-001, 10/20/67 (UNSATISFACTORY TEST)

Test hardware included a S/N 002 chamber with three eleven-
element injector inserts with the corresponding -5 wedge and -11 nozzle. The
planned test operating conditions were: Pc = 1500 psia, MR = 6.0, Tf * 80°R

for a 0.80 sec duration.

The test was conducted at a PC of 960 psia and an estimated MR of
10.0. The actual value of MR was not obtained from test data because of severe
flow fluctuations in both fuel and oxidizer systems. The test duration was
0.509 sec. Malfunction sequence circuitry signaled FS-2 when Pc failed to
exceed 1,000 psi. The fuel temperature at the injector was 400°R. The narrow
opening at the throat (0.630 in. wide by 0.250 in. high rectangular slot) and
the 30 in. distance to the injector face made hardware inspection difficult,
Evidence of slag on the wedge and a darkening of the injector face indicated
that a slight erosion had occurred. A survey of the test data indicated a

fairly soft start (no pressure spike), but the flow had not reached steady state.
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VII, A, Test 1100-D02-0M-001, 10-20-67 (Unsatisfactory Test) (cont.)
The following changes were made before procéeding to the next test:

1. Oxidizer and fuel valve opening times were increased to

reduce flow oscillations.

2. Duration time was increased to allow hydrogen temperature in

the fuel manifold to reach a constant value.

3. The minimum P_ kill parameter was reduced to 1000 psia to

700 psia to prevent malfunction shutdown due to low initial Pc'

4, Fuel tank pressure was increased to obtain higher fuel

flow to compensate for higher propellant temperatures in the fuel manifold.
B. TEST 1100-D02-0M-002, 10/20/67 (UNSATISFACTORY TEST)

The same hardware used for Test 00l was used for Test 002, The
following conditions were desired; Pc = 1500 psia, MR = 6.0, fuel tempera-

ture * 80°F. The test was conducted at a chamber pressure of 1000 psia for a

duration of 1.050 sec.

The average fuel temperature was 250°R. Inspection of the hardware
after the test indicated that severe erosion had occurred at the face of the
injector. The oxidizer orifices of the central injector were totally eroded
away exposing the oxidizer manifold, and the fuel orifices were eroded until
only tubes remained where the central fuel post was. A view of the injectors
after removal from the chamber is shown in Figure 14. Removal of the 1lid
revealed that both the 1lid and chamber cavity were similarly eroded (Figure 15);
damage to the wedge was slight. A review of the oscillograph record indicated

that the oxidizer orifices burned out at FS~2. The flow oscillations were not
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VII, B, Test 1100-D02-0M-002, 10/20/67 (Unsatisfactory Test) (cont,)

as severe as those of Test 001 and were damped by 0.8 sec. Although the fuel
temperature was decreasing with time, the rate was insufficient to approach

the desired H, temperature conditions within the practical test duration.

2
The changes in the test setup which were made after Test 00l improved operating
conditions but did not totally eliminate the propellant transport problem.

Prior to the next test the following changes were made:

1. An orifice was placed in the oxidizer line to harden the

system and reduce the flow oscillations due to manifold pressure surge.

2, The manifold volume was reduced and a jacket to cool the

remaining manifold with liquid nitrogen was added.

3. The system was balanced for a MR = 4.0 test using the

temperature of liquid N, in the jacket around the fuel manifold as the expected

2
fuel temperature.

C. TESTS 1100-D02-0OM-003 and 004 (FUEL VALVE MALFUNCTION)

S/N 001 chamber was assembled with a -3 chamber wedge and a -21
nozzle. This configuration included four injector inserts in a 19.8° chamber.
Operating conditions included an MR of 4,0 with an expected fuel temperature

of 150°R at the injector and a P of 1500 psia.

Both tests were unsatisfactory due to a malfunctioning fuel valve.
The malfunction was at first thought to be insufficient hydraulic actuation
pressure; however, the problem continued after system changes were made to
accommodate a 30% increase in actuation pressure. After Test 004 the problem

was found to be a frozen actuation discharge line which was immediately rerouted.
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VII, Test Results of Transverse Excitation Chamber Testing (cont.)
D. TEST 1100-D02-0M-005 (SATISFACTORY TEST)

The test was conducted using chamber S/N 00l having a 19.8° chamber
angle, a -3 wedge and a -21 nozzle insert. Four -3 injector inserts were used
which had 11 triplet elements per injector. The planned test conditions were:
Pc = 1500 psia, fuel temperature at the injector = 150°R and MR = 4.0 with a
test duration of 0.75 sec. The flow oscillation problem encountered in the
first two tests was overcome by the increase in valve opening time and place-
ment of an orifice in the fuel line. The nitrogen jacket on the fuel manifold
allowed a lower fuel injection temperature to be attained (110°R compared to
315°R for the same time from FS-1 on Test 002). The engine was shutdown at
0.595 seconds by the timed thrust chamber pressure switch. Actual operating

conditions were as follows: 'Pc = 1390 psia, MR = 3.64, and T 5= 110°R.

£
Inspection of the hardware after the test indicated that erosion

had taken place on the face of the injector inserts; therefore, two of the four

injectors were replaced. The two with the most severe face erosion were located

in the center of the chamber and thus would be subjected to the greatest trans-

verse velocity effects. This was also the case with the damage noted after

Tests 001 and 002. A photo of the injectors after Test 005 is shown in

Figure 16 in the same order as removed from the excitation chamber. The two

outboard injectors were retained for Test 006 and the two center injectors were

replaced. The chamber was not damaged and was ready for retesting as soon as

the injector inserts were replaced.
E. TEST 1100-D02-0M-006 (SATISFACTORY TEST)

The hardware used for this test was the same as was used for
Test 005, except that the two center injector inserts were replaced. The planned
test conditions were as follows: Pc = 1500 psia, MR = 5.0 and T,._ = 150°R with

£J
a test duration of 0.7 seconds. The engine was shut down at 0.675 sec by the
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VII, E, Test 1100-D02-0M-006 (Satisfactory Test) (cont.)

FS-2 timer. The actual operating conditions for the test were: MR = 3.62,
Pc = 1370 psia and TfJ = 150°R. After FS-2 a Photocon pressure transducer
burned out, allowing a hot gas flow path which subsequently eroded the trans-
ducer port. Erosion of injectors similar to that experienced during Test 005
was observed, and these injectors are shown in Figure 16b in the same order

as removed from the excitation chamber.
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Damaged Injector Inserts from Tests 005 and 006

Figure 16
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I. THEORY
A, GENERAL APPROACH

The simplifying assumptions on which the mathematical treatment of
combustion instability are based are the following:

(a) The substance contained in the combustion chamber is either in
the form of liquid propellants, of practically zero volume, or in the form of

complete combustion gases.

(b) The combustion gases are of constant composition; they obey

the perfect gas law and have constant specific heats.

(c) Frictional effects on the walls are neglected, and only those

are taken into account which result in the liquid droplet drag.

(d) The flow of injected propellants is unaffected by pressure
oscillations in the chamber, and hence the injection flux and velocity are
the same as steady conditionms.

(e) The steady-state gas flow is uniform across any chamber section.

(f) In steady~state, the total energy (internal and kinetic) of

the droplets remains constant.
(g) The steady-state flow in the nozzle is one-dimensional.
(h) The unsteady, oscillatory quantities in the chamber and in

the nozzle can be obtained by superposing small perturbations to the steady-

state quantities.
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I, A, General Approach (cont.)

(1) The gas flow Mach number is always sufficiently small so that

the cube can be neglected compared to unity.

(j) The time dependence of the perturbations can be expressed in
complex form as exp (ot) where o = A + iw is the same complex quantity for all
perturbations. Here, w is the angular frequency and A the amplification

coefficient.

B. GOVERNING EQUATIONS

1. General Equations

The equations governing the unsteady, two-phase flow in the
combustion chamber are derived from the principles of conservation of mass,
momentum, and energy, and the equation of state, according to the assumptions
discussed in the previous séction. It is convenient to work with the equations
in nondimensional form. The reference quantities for the nondimensionalization
are taken as the stagnation gas properties at the injector face (pressure,
temperature, density, and speed of sound) together with a reference length,
which is the chamber radius for transverse modes (the chamber length is
generally used for longitudinal modes). The governing equations take the

following forms:

Conservation of mass,

3p
90 Q= - —& _
-> -
Conservation of momentum,

aq

=+ Va+ < Up = (Q+ ko, )( ) 2
PagTed Vot Vp=1(Q+kodlq -q (2)

> -> - ->
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I, B, Governing Equations (cont.)

Conservation of energy,

ahs Y-1 3p
P 3% + pg . VhS —-f;— Yole Q (hLS - hs) (3)
Equation of state for the gas,
P=opT (4)

Droplet drag (gas/liquid momentum interchange),

BqL

+q « Vg, =k (q - q;) (5)
-+I" +L —>L

ot d

and droplet energy,

ahL
s =
T A ¥ 0 (6)

It is necessary to express the governing equations, (1) to (6),
in steady-state form and perturbed form. The separation is accomplished
by writing all the unsteady relationships as the sum of a steady~state solu-

tion and an unsteady solution. For example,

(7N

[=
I
=3
+
‘:-v
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I, B, Governing Equations (cont.)

It is noted that the perturbed portion of each parameter is

harmonic with respect to time.

2, Steady-State Equations

The steady~state solution is assumed to be one dimensional
although the perturbations are considered in three dimensions. Therefore,
the steady-state vectorial components of gas velocity, q, and liquid velocity,

q;» are given by the following relationships:

a = G, q; = U
VEWSvo=w s 0

where u, up

are the tangential components of g,

are the axial components, v, vy

q. .
L L
given by (7) and (8) into (1) to (6) and neglecting the time dependence, yields

are the radial components, and

W, W Substituting the relationships

the following system of steady-state equations:

Conservation of mass,
L Go) =0=-% 6,5 (92)
dz dz “"L'L

Conservation of momentum,

o) + g G = - o P (9b)
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I, B, Governing Equations (cont.)

Conservation of energy,

pu o= -0 (h - R ) (9¢)

p = ol (9d)

Droplet drag,

- d L - -
Wz = k (u - uL) (9e)

Droplet energy,

dh
Ls _
az =0 (9£)

These equations are easily integrated to give the following relations:

w=f Q (2) dg = p g - oY (102)
S 1oy Gy ELOGLOZ)
p=p = -3 (10b)
(1 +7vu")
s Breo = hsO = hg (10¢)
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I, B, Governing Equations (cont.)
5

RANE

j=0’l’23"'

() gy = (U4 +k AZ (10d)

- -2, du - - -
p (1-Yu") Tz Yka (u—uL) u

Q(z) = - — (10e)
1+y (u—uL) u
_ Bgige - P8

"L

It should be noted that, at Z = 0, u =0 and E =p=1
because of the nondimensionalizing scheme, At Z = ZE’ combustion is assumed
to be complete so that EL = 0 and Q = 0. The droplet drag equation is most

conveniently integrated numerically for GL (Equation (10d)).

3. The Perturbation Equations: Wave Equations

The pertdrbed equations are considered in three dimensional
form and the resulting system of equations is linearized. That is, the
perturbed quantities are considered to be small and, therefore, all products
of two or more perturbed terms are considered to be zero. Substituting
Equations (7) and (8) into Equations (1) to (6) yields the following system

of equations:

du, op’ L do CAAN Al
@t+gge’ tug gz te Gty
(11a)
' 1 _
+%8—W§+—23—)=Q(Pp'+kv'+Tw')



Report 20672-PIF, Appendix B

I, B, Governing Equations (cont.)

where P = n(l—e_in),
iw lr
R=2 (1-e " = ;j-P and
. le
T_l(l_lw'f)_;_p

Conservation of axial momentum,

1
(o‘+z‘£‘-‘1)'+(o‘+2" EEL—)' 2%, 3 BE—
u T oeugzle e A A e A7) “L

- du d dpL
+ (op + 2p Ez-+ 2u )u + (opL + 2pL Iz + 2uL iz )u

al
— ou' - - - v’ v'! 1 ow'
t 200 wo— 4 2000y gem o+ opu G+~ + T 5E)
ov! v.! ow!
i I " Wl T
tey Gt tree ) T Y5z (11b)
Conservation of radial momentum,
_ - s
- - du du L, ,
(op +p gz tu )"+(°‘°L+"Ldz+“Ldz)
— 3v' - - Bvi 1 9p’
e gt eN 3 T T Y ar (11e)
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I, B, Governing Equations (cont.)

Conservation of tangential momentum,

- - du dp
o s du 5 doy 5 = _ L = "L,
(op + p gz + uggw' + (oop + oy g7~ + vy vy
N 1 ap'
toeu Tt Y 57 T T Yr 36 (11d)

Conservation of energy and equation of state, combined,

oy 0 - ﬁd_é ' == 3p' _ - g = 0 - Sll:_ '
(cp+Q-u dz)p + pu Y (Y=1) pu (op + Q + az)
-~23u'y _ ., p, = =dp, , , -= 9p'
- (v-1) (pu 3z = (o v +Q - ugdp' +ous (11le)
Droplet dynamics,
Defining K = ——
8 k+o
And g = (k+o) -%E
YL
Then
Z du z
! = v _ K-8 __L & = £ du'
ul Ku — e f 3z € U 4z + f u e’ = dz (11£)
u o o
| . - =& v _ g '3 .Q_YL
vi = K(l~e )v' - Ke - [ e” - dz (11g)
-£ -£ z £ ow'
- - " ow_
W, = K(l-e *)w Ke £ e’ 77 dz (11h)
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I, B, Governing Equations (cont.)

-

- d o
.Sl_‘i t _u.L_ ' "EL‘_ - _.._I_‘
(0 +ge' + (a+ 75y +ugp—+u 57
ov! v! 1 w' su' Bvi vi
teGr T e Tz ten Gt
w!  ov! - dp
1_ L L 5&1 v L s _ :
+ = 58 + 57 ) + a7 U + T 0 (111)

In general, separation of variables is not possible with
these equations. A solution can be obtained by writing each quantity in a
series such that each successive term in the series is less than its prede-

cessor. Therefore, the pressure perturbation is written in the form
p'=Po+pl+p2+p3+oo.pn+nlo (12)

where P, can assume any magnitude within the restrictions of the analysis.
-2 -n -
= * = =
Then Py 0 (ue . po) > Py 0 (ue . po) and P, 0 (ue . po) where u, is the
chamber Mach number. Applying this approach to Equations (1lla) through (11b),
collecting terms of like order, and solving for the pressure results in wave

equations for P,» Pp> and Pyt

2 2
0" Py - P, = 0 (13a)
ap
2 = 1 o
9Py Py = 9YQ (Byp, - Ry PR
op - = p
1 _"“oy _ du -1y Q _k L
- Tl ey c 2 az + (vy-1) =+ o = P, (13b)
oYpT 0 P

*This notation is used to indicate the order of magnitude of a given parameter.
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I, B, Governing Equations (cont.)

02 Py - v2 Py = Al P2 + Az R2 + A3 T2 + Aa (13¢)
where V2=i2__+_3__+l_3_2__+_§_2__
ar2 or T ae2 azZ

and A AZ’ A3, and k4 are complicated functions of the lower-order solutions,

l’
P, and Py. Pl’ Rl, and Tl are the first-order approximations to the burning
rate functions defined in Equation (1la); and P2’ Rz, and T2 are the corrected

values resulting from the second-~order solutions.

The solutions of (13a) to (13c) are given by

p, (2,r,6) =P__ cosh Q@) (r) 8 (8) (15a)

P, (2,r,0) =P__ (I3 Py +Ty0) v (x) 6 (8) (15b)

P, (Z,r,0) = P (Tyq P, + PZO) v (r) & (8) (15c)
vhere  § (r) = J (s, . 1)

cos v6  STANDING MODE
8(8) (15d)

e Vo SPINNING MODE

and Jv represents the Bessel function for the first kind of order v

2 £ Z
1 r 9 = .
Iy =5 (-cYAvn 5Bt ) £ Q(z) sin h [0(z-2)] d ¢ (15e)
where 92 = 02 -+ 52
vn
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I, B, Governing Equations (cont.)

Z

T =g (-1 [ Q) sinh [2(z-0)] d ¢
(o}

+ 2 f dz (;) sin h [Q(z-7)] d ¢

Zp
+ ¥ L) stn b [0G-0)] 4 ¢ (156)
o p
) z
Pyl T8 A £ A;(2) sin h [2(2-2)] d ¢
Rr 26 Z
+ G B, t3 G £ A,(2) sin h [2(z-)] d ¢ (15g)
%-f A, (@) sin b [Q(Z-7)] d ¢ (15h)
(o]

These solutions depend on the following boundary conditions:

Z = s ' =
| .

r =1, v =

r =0, vl < =

To complete the analysis, the combustion terms must be
considered in detail and the boundary condition at the nozzle entrance (viz.,

the nozzle admittance condition) must be specified.
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I, Theory (cont.)
C. COMBUSTION RESPONSE

1. General Formulation

It is necessary now to provide a mathematical formulation for
the combustion terms in the flow equations in terms of the chamber conditions.,
Our quantitative understanding of the actual combustion processes is not
sufficient to provide a mathematical model, Fortunately, the heuristic formula-
tion based on the sensitive time lag concept seems to provide a good representa-
tion of the actual combustion response. The relation between time lag and
burning rate is immediately found by considering that the fraction of propellant
burning at a certain station in a time interval dt must have been injected
during the interval d(t—Tt). If, then, Mb and Mi are the corresponding burning

and injection rates, we must have
Mbdt = Mid (t-1 1:)

In steady~state Ty does not vary with time, and hence, if the injection rate is

unaffected by the oscillations

From these two relations we obtain the fractional perturbation of the burning

rate in the form

= = - = (16)

where, in accordance with the definition of sensitive time lag, the variation
of T with time is entirely due to the variation of Tes and where T has been
assumed to be the same for all propellant elements, and hence independent of

the space coordinates,
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I, C, Combustion Response (cont.)

Turning to the evaluation of dt/dt, a satisfactory mathematical
description is obtained if one imagines that during the sensitive time lag
certain preparatory processes, which need not be more precisely defined, take
place at a rate depending on the local, instantaneous values of quantities
representing the state and the motion of the gas and droplets. When these
preparatory processes, integrated over the duration of the semnsitive time lag,
reach a certain fixed level, the conversion into hot gases takes place
abruptly. It is clear, then, that when the state and the motion conditions
vary, also the duration of the sensitive (and hence, the total) time lag will

vary, resulting in a variable rate of gas production.

The quantitative formulation follows at once. If the rate of
the preparatory processes is given by a function £ (p, T, v, . . . .) of the
pertinent values of the pressure, temperature, any representative velocity
(for instance the radial gas velocity) and possibly other quantities representing
the conditions in the chamber, the sensitive time lag T for an element burning
at the time t will be given by the equation

ft f(p, Ty vy « « . .) dt, = Const,
t-T
where t, represents the burning time., Here the values of p, T, v, . . . .

1

must be evaluated not only at time t., but also at the position where the

l,
particular propellant element finds itself at that time. Since the above
relation must be satisfied also in steady operation, indicating the steady-
state quantities with a superimposed bar we must have

t t - = -
[© £, T, v, o oo DA, = [T £G, T, V, . .. ) dt
t-T t-T

1 an
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I, C, Combustion Response (cont.)

Now we introduce the perturbations, such that

p=p+p; T=T+T;v=v+Vv....

and expand the rate function in a Taylor series

£(p, Ty, Vy « . . .)='f+'fpp‘+fTT’+Evv’+. ..

where f = f (p, T, V, . . . .) and similarly for the partial derivatives
f £ f of f with respect to the subscripts. Observe that, under the small
p’> T’ v

perturbations assumption, the Taylor series must be stopped after the first order

terms.

If it is assumed that the temperature is a function only of
the pressure (for instance, tﬁrough the isentropic defining relation)
T“= p”(dT/dp). Then, defining the nondimensional interaction indices
Nyfy o v . . as F

'f'P + ET(dT/dp), 2= s e e e (18)

i |<

n=p

f

£, Ty v, « v« DEQ@+Ed,vi 4. .. )
P

and Equation (17) can be written in the form

t=1T . t .
[ EQ v oL Dde, + [OF@ R b v L L Dae

t-1 P t~T P 1
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I, C, Combustion Response (cont.)

Here the integration interval at the L.H.S. of Equation (17) has been split in
two parts. The first interval, from t — T to t - T is of duration T - T and
hence of the order of the perturbation of the time lag. Hence, compared with
the other two integrals, the first integral is of the order of a perturbation,

As a result in its evaluation one can disregard in the integrand the terms
containing the perturbations which, in view of the small perturbation assumption,
would result in a negligible second order contribution. Then, simplifying, the

above equation becomes

t /
[ Eaeg = }_f(n_ri—+£\)’+....)dtl

t~T t~-T P

In the combustion 5 is approximately constant, and if v is the radial gas
v

velocity, so that v = O then f (p, V) is a constant, and so are n and £.

Then we obtain simply

- t / t ,
T =-T=n f_ —g— de, + 2 f_ vdt

£=T 3 1 o7 1+
or, differentiating with respect to t
d 1 / _ _
-5 =nJ:—l_?— (£)- -2 (t-—’r):’ + R[V’(t)—\)’ (t—T)]+ N 6 )
P P

Again, it must be specified that while p”(t) is evaluated at the conversion

instant t at the location where the conversion takes place, p”“(t - ?) must be
evaluated not only at time t - T, but also at the location where the propellant

was at that time, However, the displdacement of the propellant during the time

T produces an effect of second order in the expression (19). As a reasonable
approximation, therefore, both p” (t) and p”(t - T) can be evaluated at the station
when the conversion into burned gases takes place. And, of course, the same

applies to the velocity effect of Equation (19), and to other possible effects,
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I, C, Combustion Response (cont.)

In Equation (19) only the pressure sensitivity and the radial
velocity sensitivity are explicitly considered. Concerning the last it must
be added that other components of the gas velocity can be treated in exactly
the same fashion. If one is interested, for instance, in the effect of the
transversel nonuniformity of the gas composition, then also the tangential
velocity component is revelant, and correspondingly another velocity sensitive
term must appear in Equation (19), which becomes, in the absence of other

interactions
- %{- =0 [p7(®)-p (t-D)] + 2 [V (E)- v(t-D)] (20

+ 2 [w” (£)=w” (t-1)]
It must be observed that, actually, when only the effects of the nonuniform
gas composition on the burning rate are sought, what counts is the displacement
of the gases with respect to the droplets, rather than the relative velocity.

This can be formalized by writing, for instance, instead of (20),

- g-s =n[§:- (t) - fi); (t - ?)J M [Gé(t)-éé (t-?)] My [aé(t)-aé (t-?)} (21)

where Mr and M  are two displacement indices relative to the radial and

S

tangential displacements Sr, § . respectively. The two formulations (20) and

)
(21) are closely correlated, because of the relations existing between velocities

and displacements.

If the time dependence of the perturbations in Equations (20)

and (21) is taken to be exp (st), the result is

d'E_ - - , ’ ’ .
T -(Pp~+ va + TQW ) - (Pp + RG Gr+ TG Ge) (22)
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I, C, Combustion Response (cont.)

where the quantities defined by

P oo v 8.8 1.9 (6= Atiw) (23)
T 6

are, in view of (16), to be interpreted as feedback factors. In this case the
relation between velocities and displacements is simply v'= ¢67r, w'= oééso
that

RG =0R,, Tg = 1)

V2 v

2, Relevance of the Time Lag Formulation

The implications of these equations are immediately seen, by
discussing for instance the pressure feedback factor P. From (23) it can be
seen that P = R + il is a complex quantity, having a component R in phase with
the pressure oscillations and one I in quadrature. The component in Phase is
actually only one responsible for the magnitude of the energy feedback. For
neutral oscillations (A=0), its magnitude is immediately found to be
n(l-Cosw t). Thus, for given n and for w determined by one of the proper
frequencies of the chamber, the energy feedback is zero if wT is a multiple of

27, and has its maximum value when wt is m, 3w, 57, . . . . When is around

T
the latter values, instability is most likely to appear. Hence, if T has an
assigned value (characteristic of the combustion system considered) there would
be according to the present formulation, not one but a series of preferred
frequency ranges. This conclusion does not agree with the experimental observa-
tions, and would seem to cast a doubt on the validity of the heuristic combustion

model derived from the sensitive time lag concept,

However, a closer examination shows where the reason of the
disagreement resides. In Equation (17) the rate function £(p, T, V, + « « )
has been assumed to depend on the chamber conditions, but not on the progress

of the preparatory process themselves, and hence on the time elapsed since the
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I, C, Combustion Response (cont.)

entrance of the propellant in the sensitive portion of the time lag. In other
words, the effect of given perturbations of the chamber conditions on the value
of the integral at the L.H.S. of Equation (17) is the same no matter where
during the sensitive time lag, the perturbations take place. This is, indeed,
in line with the step function assumption concerning the sensitivity, which has
been assumed to be zero during the insensitive portion, and at a constant level

during the sensitive portion of the total time lag Te

In a more realistic model, the step function sensitivity
should be replaced by an appropriate smooth distribution of some kind during
the whole Tes with a maximum toward its end. Without entering into the details
of the analysis (which can be found in Ref. 8), the equation replacing

Equation (19) for the case of pure pressure sensitivity can be given as

1
-t =T OIE-I_EQ & Ip (e - 7,000 a0 24)

where 6 represents the fraction of the total time lag already elapsed (starting
from the injection instant), and N(06) is a generalized interaction index, which
is now a general function of the instant considered during the time lag. It

can easily be checked that for N(6) = const n Equation (19) will be obtained.

If the exponential time dependence of p (with A= 0) is

introduced, the feedback factor is

1
p = RHiI = gh// gf= iw;:'t [ w(e)e
mlop

T8 46 (25)
0
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I, C, Combustion Response (cont.)

the real part of which, responsible for the energy feedback, reduces to
n(l - Cos wr) if N is assumed to take the values zero for
0<t -T<T

6 E-;t - T and n for T 6 E-;t’ in accordance to the step

t t t
function assumption about the sensitivity. This is indeed the expression
which leads to the incorrect prediction of more than one preferred frequency

range for a given T.

If, however, N is given a smooth variation this erroneous
prediction disappears. Take, for instance, N(6) ﬁ(l - Cos 27m8) exp (-ab).
This sensitivity distribution vanishes at the two ends of the total time lag,
and, for sufficiently large values of a, is strongly skewed towards its end, as
Figure 1, corresponding to o = 30 shows. Here we have plotted the '"normalized"
sensitivity Nn = N/ (N), where (N) = Ofl Nd6 has been plotted. Defining also
Rn = R/ (N) and In = I/(N) the regl part of the feedback factor, for large a is
given by

2 0g? (2 +1) (Ga? +1 - 82

" o + 891 + 1 - 897 + 4 o?]

(26)

1

whered = a/2m and B w?t/Zw. It is clear that, contrary to the value of R
corresponding to the step-function distribution of N, this value of Rn is
positive only for wt smaller than a well defined value, above which it becomes
and stays negative. In the region of positive Rn there is only one peak.
Figure 2 shows the distribution of Rn and In up to the peak, and shows for
comparison curves obtained from the equations

R = 1 ~ Cos wrt I = sin wrt
* n, ( ), wn =N

n
for three different choices of nn and 171, corresponding to the step-function

distributions shown on the previous Figure 1. It appears that, despite the

great difference in the analytic form, equations of this type, based on the
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sensitive time lag concept, are apt to represent quite well the actual behavior
around the maximum of Rn . This is particularly true if one concentrates on
reproducing well only one of the two curves, for instance Rn’ on which the

energy feedback depends.

The conclusion to be drawn from these considerations is that
the sensitive time lag formulation, in its simplicity, can represent quite
well more realistic cases, provided one disregards all higher frequency
ranges of instability and keeps only the one corresponding to the lowest
frequency. This conclusion, derived from the heuristic formulation pre-
sented above, seems to apply also to combustion models based on more
physical grounds., It applies, for instance, to the feedback factor
calculated numerically by Heidmann on the grounds of the droplet evapora-
tion model, This is shown by Figure 2, where the feedback factors based
on Heidmann's calculations for two different pressure oscillation ampli-
tudes are plotted as a function of the frequency (dashed curves), and
correspond quite well with the curves obtained with appropriate values
of n and 1, provided the comparison is limited to a range of frequency around
the peak of feedback. All of these considerations help to give a certain amount
of confidence in the sensitive time lag combustion model, and its capability
to represent quite well the energy feedback in the region where this assumes
dangerous values. However, in general, it is meaningless to look for an imme-
diate correspondence between the values of n and T and the fundamental combus-

tion processes,
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3. Velocity Sensitive Combustion

It is desirable to take a closer look at the dynamic aspects
of velocity sensitive combustion. The most significant velocity effects
are those resulting from the radial and tangential components of the gas
velocity perturbation, In the case of purely transverse modes, the longi-
tudinal velocity perturbation component is always much smaller than the
transverse components. In addition, the longitudinal component vanishes
at the injector face and has its smallest magnitude in the early combustion
zone, the region which appears to have the greatest significance for trans-
verse modes. It is possible that in certain combustion chambers the axial
spreading of the combustion will result in sizable longitudinal velocity
oscillations for higher order longitudinal or combined transverse-
longitudinal modes. However, in such cases the pressure perturbation will
become correspondingly small in that region, thus, the decreased pressure
effect will cancel the increased velocity effect. In the present analysis,
therefore only the effects of the transverse velocity oscillations will be

considered in the combustion response,

Of the various intermediate processes occurring during the
combustion of liquid bipropellants, those most sensitive to velocity are
the vaporization of the liquid droplets and the mixing of the vaporized
propellants that must precede chemical reaction. The theoretical study of
unsteady vaporization by Wieber and Mickelsen (Ref. 1) indicates that the
evaporation rate is dependent on the absolute magnitude of the relative
velocity between droplet and gas, therefore, the vaporization velocity
effect is seen to be essentially nonlinear, and cannot be treated within
the framework of a linearized theory. On the other hand, the mixing of
the propellants by the oscillating velocities may be linearized, and gives
rise to important modifications of the stability behavior of a combustor.

Although no detailed description of such a complex phenomenon is now
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possible, the following discussion illustrates one process by which the
burning rate may be caused to oscillate by an oscillating transverse gas

velocity.

Consider first the mixture of gaseous combustion products,
vaporized propellants (oxidizer and fuel), and liquid propellant droplets
at some axial station downstream from a fuel-on-oxidizer impinging doublet
injector element. Since liquid mixing is imperfect, some stratification
will exist in the mixture. For concreteness, assume that the line of
centers of the doublet is aligned tangentially (i.e., normal to a radius).
Then the stratification is almost entirely in the tangential direction, as
shown schematically in Figure 3 by the lines of constant mass fraction of
vaporized oxidizer in the mixture vyx. The exact shape of the constant vy
contours will be dependent on the injector design, operating conditions,
and propellant characteristics. Because of the turbulence in the combustion

chamber, the stratification pattern shown represents only a mean condition.

As a droplet evaporates, the vapor diffuses away and must mix
with the other vaporized propellant in the propellant proportions for
chemical reaction. In a rocket combustor, the transport and mixing are most
likely to be carried out by turbulence rather than by molecular diffusion.
The overall burning rate of a fuel-rich droplet will, therefore, be a
function of the amount of oxidizer vapor near the droplet. In the presence
iwt)’ the

gaseous mixture will be displaced relative to the droplets, causing oscil-

of small, periodic tangential gas velocity oscillations (w’e

lations of the local mass fractions of both oxidizer and fuel, Since a fuel
droplet is in an oxidant-deficient region, a velocity perturbation which

increases the oxidizer fraction in the vicinity of the droplet will increase
the contribution of that droplet to the overall burning rate. The opposite

is true for an oxidizer-rich droplet subject to the same perturbation,
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since an oxidizer fraction increase corresponds to a fuel fraction decrease.
Thus, the effects of the same velocity perturbation on the two droplets will
tend to cancel, unless the propellants have significantly different vapori-
zation rates., In the latter case, at any axial station, there will be a
greater number of droplets of the less-volatile propellant, and summation
of the velocity effect over all of the droplets in the spray will result
in a net contribution to the burning rate. This contribution will
clearly depend on the amplitude of the velocity as well as its direction.
For small perturbations, and for the doublet spray shown in Figure 3a,
the burning rate contribution can be written in the form

£f7 = w” eiwt
where £ is a velocity interaction index analogous to the pressure interaction
index defined by Crocco. In the case of an arbitrarily oriented spray, such
as shown in Figure 3b, the burning rate perturbation due to velocity effects
becomes

£ = (v + L w)etvt (27)

so that, in general, two velocity indices are necessary.

It is clear that this linearized expression will not be valid
for all types of injection patterns., For example, approximately linear effects
can be expected with a fuel-on-oxidizer double and for a like-on-~like pattern
if the spacing between unlike fans is sufficiently small, However, for large

spacings, nonlinear velocity effects must be taken into consideration.
At present, the magnitudes of the velocity indices cannot be

calculated because of the lack of quantitative knowledge of the processes

involved in liquid propellant combustion under turbulent conditions.
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It is also possible to formulate the above discussion in
terms of displacement interaction indices. Letting the radial and transverse
iwt . iwt .
- components of the displacements be 6rel and Seei , the net combustion

process rate perturbation can be written

Fh
\
[]

-\ _dwt
(mrdr + meﬁe)e (28)

It is clear that m, imlr and m, = iwlr. Thus, the displacement indices

8
present at 90° phase shift with respect to the velocity indices.

The analysis of the effects of velocity (or displacement)
sensitivity on the stability of a combustor is considerably simplified by
assuming that the velocity effects occur during the same internal (the
sensitive time lag) as the pressure effects. In this case, the burning rate

perturbation becomes

Q" = QPp'[xi(t)] + Rv’[Xi(t)] + Tw’[Xi(t)] (29)
where

P = n@-e"Y)

R = lr(l—e_GT)

T = ze(l-e'°T)

In equation (29), additional simplifications have been
introduced by assuming that all propellant elements have equal mean sensitive

time lags, and that the space lag associated with the sensitive time lag is
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a negligible fraction of the wave length. In general, of course, the mean

sensitive time lag varies from one propellant element to another. Crocco and
Cheng have shown that this nonuniformity of the sensitivity time lag leads to
increased stability of the combustor. Therefore, the assumption of a uniform

time lag produces a conservative stability prediction.

It would be possible to generalize the burning rate expression
to allow for different time lags for pressure and velocity effects. However,
both mathematical and physical considerations indicate the desirability of the

simpler formulation.

4. Approximate Treatment of Nonlinear Combustion Response

Nonlinearities associated with oscillatory combustion
chamber operation can derive from two sources: (1) the fluid mechanical
behavior of the gases in the chamber, and (2) the dynamics of the combustion
process. It is clear that significant interactions between the two kinds can
also occur., The general nature of nonlinear effects, with particular emphasis
on the fluid mechanical aspects, is discussed in Section IE, The studies of
Priem and Guentert have shown that combustion process nonlinearities can be
important even for oscillation amplitudes less than 20% of the mean chamber
pressure. Thus, it is worthwhile to consider nonlinearity of the combustion
response while retaining the linearized fluid mechanical analysis with its

attendant simplification.
To insert nonlinear combustion dynamics into the framework

of the linear theory, some method of equivalent linearization must be used.

The method selected in this analysis is the '"describing function" method.
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When a sinusoidal signal is input to a nonlinear element, the
output will not, in general, be sinusoidal. Fourier analysis of the output
will reveal many frequency components, among which is one (the fundamental)
that corresponds to the frequency of the input signal. For the analysis of
stability, only the fundamental frequency component is required, as shown
by Reardon (Ref 2). An equivalent linear transfer function for the nonlinear
element can be defined as the ratio of the fundamental component of the out-
put to the input. Thus, if
iwft

I(t) = Ie

is the input, and

0(t) = Of(wf)elwft + roje®t (30)

j#f
is the output, the equivalent linear transfer function is

Of(wf)
TF = ———
Ie

For nonlinearities that can be treated by this method, linear
behavior is obtained for limiting values of the input (e.g., I O or I ).

It is convenient to define a 'describing function" f as

£(w) = T/ (TF) (31)

LIN

where (TF) is the limiting linear transfer function. Thus, a linear

LIN
analysis can be extended to include isolated nonlinear effects by replacing

the linear transfer function of the nonlinear element by f(w) - (TF)LIN'
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In applying this approach to the combustion instability
problem, it is assumed that the only significant nonlinearities are those
associated with the response of the combustion process to pressure and
velocity perturbations. Three describing functions are required, corres-
ponding to the combustion response to pressure, radial velocity, and
tangential velocity perturbations. Thus, the combustion rate perturbation

becomes
Q" = a[fp(p’)Pp’+ fR(v’) Rv” + £, (W) TW”] (32)

In the above expression, the dependence of the describing functions on the
perturbation (input) amplitude is shown explicitly. This dependence on
amplitude introduces complications into the solution of the perturbation
equations, In general, the input amplitude is a function of the axial, as
well as the transverse, spacé coordinate. To obtain a solution, it is
necessary to introduce the additional simplification of neglecting the
axial variation of perturbation amplitude in the evaluation of the des-
cribing function., For purely transverse modes, this is not an unreasonable
approximation, and it breaks down significantly only for higher-order
longitudinal modes, The error made by using the perturbation amplitudes

at the injector face will be small,

To calculate the describing functions, it is necessary to
know the shape of the combustion response to each perturbation. Since it
is assumed that the effects are independent of each other, the burning

rate perturbation can be written

-

= ¢P(p’) +¢R(V’) +¢T(W’)

VolllVe)
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The procedure for calculating each describing function is the same; there-
fore, it is necessary only to discuss one, say, the pressure-effect

describing function.

The input perturbation is '/- = Pcosy where ¥ = wt and, from

Fourier analysis the fundamental term of the output series is

Ctn
1 ~-iy
ePf(P) == ¢P(PCOSW)e dy

C—-m

Thus, the describing function is given by

CH+mr
1 -iy
£, = ——mmm—m— ¢, (Pcosy)e dy (33)
P TrP(TF)LIN P
C-m
In the expressions above, C is an arbitrary constant, and (TF)LIN is a

suitable normalizing factor, such that f~1 for equivalent linear operation.

The choice of (TF) and depends on the characteristics of each nonlinear

LIN
response function, and a general rule does not appear feasible,

The describing function method applies well to nonlinearities
with odd symmetry (Figure 4a). It is not applicable to response functions
with even symmetry, such as the velocity effect on vaporization, since there
is no contribution to the fundamental term of the Fourier series. An intermediate
case is that of asymmetric response function (Figure 4b). In this case,
there will be a significant contribution to the fundamental oscillation, but
a change in the mean burning rate as well, This change in the mean burning
rate occurs only during the sensitive portion of the total time lag and so
will have a negligible influence on the steady-state solution.
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In general, the describing function is complex; that is,
the nonlinear combustion response introduces a phase shift as well as an
amplitude change. However, for response functions with odd symmetry, the
fundamental component of the output is in phase with the input, so that

the describing function is real.
D. NOZZLE ADMITTANCE COEFFICIENTS

In any rocket combustion instability analysis, it is desirable
to apply a boundary condition at the nozzle entrance to describe the effect
of the nozzle upon wave motion in the combustion chamber. 1In a linearized
analysis, this boundary condition is written in the form of an admittance
relation; that is, a linear relation between the perturbations of two thermo-
dynamic properties and of the velocity components, The coefficients in this
relation are termed admittance coefficients and are calculated by means of
an analysis of the oscillatory flow in the nozzle, In this section, the
analysis and numerical integration which lead to the determination of these

coefficients are discussed.

The divergent portion of the supercritical nozzle need not be
analyzed; all that is pertinent is the subsonic flow in the convergent portion
since any disturbances to the supersonic flow cannot propagate upstream through
the throat. Therefore, disturbances in the subsonic portion of the nozzle and
in the chamber are neither affected nor caused by disturbances in the super-

sonic region. (The opposite, however, is not true.)

To date, two types of nozzles have been analyzed: axisymmetric
designs and two-dimensional designs. The axisymmetric case is presently the
one of the most practical significance and is the one to be discussed here.
The two-dimensional case applies to thin annular chambers and to certain
experimental configurations, The analyses of the two cases are similar;

details of both are given in Reference 3.
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The unperturbed, or steady-state, flow is considered to be one-
dimensional in order to simplify the analysis, The perturbed flow, however,
may be three-dimensional. The combustion process is assumed to be completed
before the flow enters the nozzle so that there are no source terms in the
differential equations of motion. The equations do allow for the occurrence
of entropy waves and vorticity waves in the nozzle due to the combustion

chamber.

The three-dimensional coordinate system (Figure 5) employs
the values of the velocity potential ¢ and the stream function y of the

unperturbed flow in addition to the azimuthal angle, with

= - 99
1 = 3s
- 0

where s is the streamline direction and n is the direction normal to the
streamline. Since the value of the stream function is a constant at the nozzle
walls where the boundary conditions are applied, separation of variables is
allowed., Culick (Ref 4) did not use this coordinate transformation and was

forced to a more cumbersome analysis,

Under the usual assumption of small-amplitude oscillations, linear
partial differential equations are obtained that govern the perturbations.
These equations are separated under the assumption that the nozzle is suffic~--
iently long that the cosine of the semi-angle of convergence may be approxi-
mated by unity. The time and azimuthal dependencies are given by sinusoidal
functions. The radial dependencies are given in terms of Bessel functions of

the first kind and their derivatives. The axial dependencies are related to
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the solution to a certain sound-order linear ordinary differential equation
with complex-variable coefficients which can only be obtained in exact form

by numerical integration.

This second order differential equation is singular at the throat;
one of the homegeneous solutions will be regular there and the other one will
be singular. The singular solution is cast away. This procedure has been
demonstrated to be equivalent to disallowing perturbations to propagate up-

stream from the supersonic portion of the nozzle (Ref 5).

It has been shown that the admittance coefficients are functions of
the solutions to certain first order equations that are obtained by reduction
of the original second order equation. So, while it would be necessary to
integrate the second order equation in order to determine the variation of
the flow properties, it is not necessary for the purpose of determining the
admittance coefficients. Since the interest lies in the prediction of global
stability characteristics and not in the details of the flow itself, only the
equations immediately needed to determine the admittance coefficient will be
presented. The derivations and additional analyses may be found in

Reference 3.

The admittance coefficients for a given geometry are determined
as functions of the axial coordinate or, equivalently, of the local mean-
flow Mach number. This implies that, when the admittance coefficient at
the nozzle entrance is desired, the axial coordinate at the entrance or
the entrance Mach number must be known before the admittance coefficients

can be determined.
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The linear admittance condition is given by

'+ AP + B V+7YCS =0
YU Y SV:r\ (34)

LA
H

where U, P, B, and S are the axial dependencies of the nondimensional
perturbations of axial velocity, pressure, radial velocity, and entropy,

respectively. The admittance coefficients A, B, and C are given by

il
A - EYIEDT W g
E(V——l) & e P T am
~-1/2 “2: (1)
B = 1S & e - (35)
s ) TEEY -H - anw
s 2, e i Y- amn Pk
c =(7;1“) qc

2@t W o aryia

in which q and ¢ are the local gas velocity and speed of sound nondimension-
alized with respect to the steady-state speed of sound at the throat. The
admittance coefficients are complex because E, g(l), 2(2), f3 and iw are
complex. The auxiliary functions g, & (1), £(2) are given by first order

differential equations in the axial coordinate ¢:
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(& +22) = (g+10) £ - (4-1) (36)
d$
Lra-ghe V1=t -w(H+—2—NiadH e D
d¢ 2q (Y+1) (1-q™)
) 2
2 —————
S = Y-1
2 vn (¢)
R = (37)
ra-i? £ Pr--{o-w (i —r)) 1add P
db 23 (Y+1) (1-3%)
2 df3 S 2 (Yfl—) 1 -2 ~2 -2
Pty e TR (L, E L 38)
d¢ 2 iw 2q q q

where the following definitions apply:

-2 -2 =2
b=gqg" (" -q7)
- -2
o Y+l g dq
g 2 ~7 A
c do
h=a az
2
~2 - = Y-l
I S2
L2 A vn
-2 -2
c dé
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>

b= 2¢ (¢ - ¢th)
& = w/k
Svn = Svn/K
- d9 _
K = =K
dZth

where the angular frequency w is nondimensionalized with respect to the

throat speed of sound divided by the throat radius, Som is the eigenvalue

for the particular mode of oscillation, and the subscript th denotes conditions
at the throat.

The nonlinear, first order equation for 2 is a complex Riccati
equation and may only be solved by numerical integration. Once this is done,
the linear, first order equations for % (1) and £(2) may be solved obtaining
the standard integral forms. However, rather than numerically evaluating
the integral solutions, it is more convenient to solve all three complex

(or six real) equations simultaneously by numerical integration.

The numerical integration requires statements of the initial
conditions. These are provided by the condition of regularity at the
throat (¢ = 0). After assuming a Taylor series expansion about the throat
and evaluating the coefficients in the series, we find the following

£(0) = ag + 180

g(l)(o) -
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where
w2 S 2
Y+1 vn__Y-1 =2
L o2 A A
0 2
2 +1
+ (5
~2 2
y2-1 + R
8 4
I 2y,
o+ &

2

Since the Riccati equation is singular at the throat (52 -q° =0), the
numerical integration cannot begin exactly there. So, in addition to the
above conditions,the first derivative of é at the initial point must be
obtained from the regular expansion and supplied to the numerical integra-

tion scheme, This initial condition is:

a =qa, + if
dA 1 1
*%n

where

2
1 {(y+1) 2 2 ~
A (a," = By ) + (y+tDw a B
1 w2 + (Y+l)2 2 0 0 070

3
+ [wz + __________(Yzl) + (*|(+1)2 31 ag + ________(v+lZ(v-3) w By

2
Y'-1 ,.2 Y=1 ~2 ~n
+ 5 " -S\m)+--—---2 w b}
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2 ~ 2 2
b= {kY+l) 0 B = 8 (g = By
wo o+ (y+l)
+ 41y Y4 (1) w o, B+ [02 + ifiilfq 8
(Y+l) =5~ w a4 - © % A 0
y-1 * 2 2. %1~
+—§—' w [SVT'] + (y+1)7] + 2 w b

1Y . . . . =2
Note that b is a coefficient in the power series expansion for ¢ . That

is, =1+¢+Db o> .

n
¢« « ¢« « , the value of b being determined by the
nozzle geometry in the throat vicinity. The above-mentioned power series
shows the convenience of the transformation of the independent variable

from ¢ to ¢ 3 the coefficient of the first order term in the power series

is unity.

The function £3 is given by an integral expression involving

known quantities. However, it is more convenient to solve a first order

differential equation for f3 simultaneously with the equations for z, E(l),
and 5(2) . The proper equation is follows:
d =2 iw =2 1 4
IR D e A CHE NI I (39)
dé 2q do

Subject to the initial condition that f3 (0) = 0.
In addition to the admittance coefficients A, B, and C, two

other complex admittance coefficients are useful and have been calculated.

They are
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v+1
2 - — A
A 8 (r-1) q 4
o= =) -2 =2 @ (40)
2 c °/y-1) q° + iz
S B
E=A-—X
1w
c

where W, is the frequency nondimensionalized by the ratio of the steady-state

stagnation speed of sound to the nozzle entrance radius,

o is the admittance coefficient to be used in the relation
U= (a/Y)P ét the nozzle entrance in the absence of vorticity and entropy
perturbations. Of course, when Son T 0, o is also the admittance coefficient

for isentropic longitudinal oscillations,

E is a combination of A and B which becomes important in transverse-
mode combustion instability applications. It can be shown that for low Mach
numbers, o{and -E are approximately equal. This means that at low mean-flow

- (1)

Mach numbers E becomes approximately independent of & even though A and

B are dependent upon it.

The steady-state velocity profile q (&) must be determined for the
given geometry of the convergent portion of the nozzle, This cannot be found
in closed form but must be determined either approximately or indirectly. It
is difficult to find an approximate form of q (5) which is very accurate over
a wide class of nozzle geometries. Therefore, an indirect approach is used,
in which the exact form of a (é) is determined and a table constructed. This
method proceeds as follows: The shape of the nozzle is prescribed as a
portion of a cone with circular-arc sections at the throat and at the

transition section at the nozzle entrance (Figure 6). With the cone angle
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and the radii given, the cross-sectional area at any axial station can be
calculated., A table is constructed that relates the local Mach number to the

area, according to the equation
Y+1
2 (v-1)
A(z) _ _ 1 2 -1 2
= (G @+ M (@)] (41)

Ath M(z)

The Mach number at each station in the nozzle is then obtained by interpola-

tion in this table. The velocity q is related to the Mach number by
(42)

Finally, the velocity potential is obtained by integration along the nozzle,
starting from the throat Z = 0, where é is assigned the value zero:

~ Z

¢ =2« [ qaz’ (43)

0

To illustrate the nature of the solution for the nozzle admittance
coefficients, calculations have been performed for a conical nozzle with no
transition section at the nozzle entrance. The advantage of using such an
approximation to the usual smooth transition is that the variation of the
admittance coefficients with chamber Mach number can be seen from the results
of a single integration. Results for Y = 1.2, ; = 0,5 and S\)n = 1.0 are shown

in Figures 7 to 9.
One of the most interesting results is that the nozzle may have a

destabilizing effect upon the transverse modes of oscillation. This is indi-

cated by negative values of the real part of o and positive values of the real
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part of E. (The importance of the signs of these quantities will be discussed
in Section I E.) Negative o and positive Er generally seem to occur in the
range of "purely" transverse modes where w, is close to Svn' So here the
nozzle would have a destabilizing effect. For longitudinal modes and those
mixed modes where the longitudinal dimensions are most significant in deter-
mining the frequency (wc>> Svn)’ a. is positive and Er is negative so that the

nozzle has a damping effect upon the oscillations.

Numerical calculations indicate that the value of the admittance
coefficient C are generally quite small compared to the coefficients A and B.
This and the fact that the amplitude of the entropy oscillation is small com-
pared to the amplitude of the pressure and velocity oscillations in most situa~
tions of physical interest mean that usually (34) may be simplified to the

following form

U+ AP+ S BV =0 (44)
vn

~

X In Figure 7, Er is plotted versus axial distance showing a gradual
Ehange in gr due to the relatively large pressure wavelength., Figure 8 shows
gr (2) to be undulating* rapidly due to the relatively small entropy and
vorticity wavelengths, Note, of course, that pressure waves propagate with
the speed of sound while entropy and vorticity waves propagate with the sub-
sonic gas velocity. Figures 9 and 10 show the admittance coefficients Ar and
Bi (which are the most pertinent from a stability point of view) plotted
versus axial distance, Superimposed upon a gradual change due to the pressure

waves, there is a rapid undulation due to the entropy and vorticity waves.

At higher frequencies the oscillations become more severe since
undulations in the admittance coefficients occur due to pressure waves in that
case., The undulations due to entropy and vorticity waves become still more

rapid.

*"Undulation' pertains to space-wise variations while "oscillation" pertains to
time-wise variations.
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A limited number of calculations have been performed wherein the
throat wall curvature, the cone angle, and the ratio of specific heats have
been changed. It was found that changing the last parameter from the standard
value of ¥ = 1,2 to Y = 1,4 generally produced a change in the admittance
coefficients of only a few percent. The other two parameters affected the

results more significantly.

Calculations were made with R = 3.0 (versus R = 2.0 in the standard

cases) and 6., = 30° and also with R = 2,0 and 6, = 15° (versus 6, = 30° in the

standard casis). When R was changed and 61 left constant, the reiults changed
most significantly in the high Mach number range near the throat. Further
upstream in the low Mach number range, the difference between the R = 2.0 and
R = 3.0 cases is smaller. On the basis of this small amount of evidence, it
seems that far away from the throat the results do not depend very strongly on
the particulars of the nozzle shape near the throat. When el was changed and
R left constant, the solution near the throat did not change, of course. Only

in the conical portion of the nozzle was a change produced.

It should be noted that the results of the calculations for the
standard three-dimensional axisymmetric nozzle may be scaled for use with
certain annular nozzles. The major restriction is that the inner wall of the
annular nozzle must have the same shape as a stream tube contour in the three-
dimensional nozzle. This implies that the two nozzle flows are identical in
the steady-state (that is, of course, only in the common region where both
flows exist). Also, under the long-nozzle, one dimensional steady-state flow
assumption this means that the ratio of the outer wall radius to the inner

wall radius is constant along the convergent section of the nozzle.

The equations for the annular nozzle may be separated in the same

manner and the same differential equations remain to be integrated as in the
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three dimensional case. However, now S__ is no longer the hth root of

js (x) = 0 but rather it is the hth root of J; (x) Y; (x) - Js (Bx) Y; (x) = 0.
Here Jv and Yv are Bessel functions of the first and second kind, respectively,
and B is the ratio of the inner to outer wall diameter. (v 1is an integer,
here.) So using the proper value of Svn’ the results of the three dimen-

sional nozzle calculations for both admittances and flow properties may be

used for the annular nozzle. The values of Svn for various annuli may be found

in Reference 29,

The admittance coefficients for a whole family of nozzles may be
obtained by scaling the results calculated for a particular reference nozzle.
If k is the scale factor and if a nozzle has a velocity distribution

q () = q__. (kZ)

ref

then the admittance coefficients for this nozzle are given by the following

formulas

a = g. X _vn
A (q’ (U S) = Aref (q, k H] k

S
a = q W yn
B (Qs W, s) k Bref (q’ k°’® Kk )
- - w S\)T]
C (g w, 8) =C_ o (@, )
- - w Syup
E g, w8 =Ep (@g,50)
= - w SVn
a (q, w, 8) = ref (q, k ° "_k——)
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A scale transformation of this type is merely a linear deformation of the
nozzle walls in the axial direction., Scaling in the radial direction is
trivial since all lengths have been nondimensionalized with respect to the

throat radius.

The extension of the theory to the nonlinear case is discussed

in References 3 and 6.
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E. CHARACTERISTIC EQUATION

1, Formulation of the Stability Problem

Solution of the perturbation equations gives the pressure

perturbation in the form of a Bessel-Fourier series:

P =T, [pvn<z> by, (©) + T2 R (@) v (D0, (e)}

P#Vv,q#n (45)

In this expression the indicates v and n refer to the fundamental term, that
is, to the oscillatory mode under consideration. The other terms in the series
account for the distortionm introduced by flow, injection distribution, velocity
effects, and nonlinear combustion response. For values of the indices p, gq
different from v, n, each term in the series includes an integration constant.
Howéver, the integration constant for the fundamental term can be shown to be
of order M3, and so can be neglected in the present analysis. The constant

Poo represents the perturbation amplitude level; in this linearized analysis,

the amplitude has no effect on the stability solution.

Since the perturbation solution is obtalned in the form of a
series, the nozzle admittance boundary condition must be applied term by term.
For each p, q # v, n, the nozzle boundary condition can be used to determine

the integration constant. Application of the remaining condition,

Y Uvn (ZE) + APvn (ZE) + stn Y an (ZE) +CY Svn (ZE) =0 (46)

results in an eigenvalue problem. That is, this equation is the character-
istic equation for the eigenvalues ¢ = A + iw. For a given combustor geometry

and for a given value of the combustion parameters, n, 7, zr, and 29, the
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characteristic equation can, in principle, be used to determine the frequency

of oscillation w and the growth rate A of the perturbation amplitude.

However, since the coefficients of the characteristic equation
are functions of the variable o, it is more convenient to regard ¢ as one of
the independent variables. Considerable simplification results if XA = 0, that
is, 0 = iw, which is interpreted physically as an oscillation, the amplitude
of which neither grows nor decays with time. The neutral condition is clearly
the boundary between stable and unstable operation, and is sometimes referred

to as the stability limit.

For neutral oscillations, regarding the frequency as an
independent variable, the characteristic equation becomes a relation between
the combustion parameters. Since the equation is complex, two of the combus-
tion parameters can be determined in terms of the other two. It is natural
to select the sensitive time lag T and the pressure interaction index n as
the dependent variables, because these parameters are significant to all modes
of oscillation. Following this procedure, the characteristic equation can be

written in the form:

-iwt, _ h (w) = B i
n (1 e ) = Rr le = hr + i hi 47)
A+ B (’E—') + C (5—)
The solution is
B4 ﬂrz + ﬂiz
n (w, P ;—) = —— (48)
2 hr
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h

h
1 1 -
(n ) = - cos

. T
(1 - Ef? (49)

r 1
T (w, ;—a

-1

5l¢§

) = %-sin

where T is determined to within an additive constant %E.

A typical solution for n (w) and T (w) for assumed values of
the velocity indixes is shown in Figure 1l. This solution applies at the
stability limits, where A = 0. It can be seen that for any value of T only
one value of n is consistent with neutral oscillations. For the same 1, a
larger n corresponds to instability (A > 0) and a smaller n to stability
(A < 0)., In the case of transverse modes, for values of n in the range of
interest (< 2), the frequency varies over a very narrow range, and is very
nearly equal to the corresponding acoustic frequency. For longitudinal modes,
both the frequency range and the departure from the acoustic-mode frequency
are somewhat larger. The narrow frequency range result is related directly
to the fact that high frequency instability involves the interaction of the
combustion chamber. The chamber acoustics are somewhat modified by the
presence of the exhaust nozzle and the mean gas flow, but a good approximation
of the resonant frequencies can be made without reference to the combustion

effects.

2. Graphical Representation: The n, t-Plane

In view of the narrow frequency range, a more convenient
graphical representation is obtained by plotting the stability limit curves
on the plane defined by the interaction index n as ordinate and the sensitive
time lag T as abscissa. This plot will be referred to as the n, t-plane.

A typical example is shown in Figure 12, in which the stability limit curves
for a single mode are seen to divide the n, 7~ plane into stable and unstable

regions.
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According to the sensitive time lag model, the dynamic
behavior of the combustion process can be described by the parameters n and
T, which are empirical coefficients measuring the pressure sensitivity and
characteristic time, respectively, of the combustion process. It 1s clear
that, in general, these parameters are functions of the propellant combina-
tion, the injector pattern, and the operating conditions. A given combination
of these factors, that is, a given combustion process, is represented on the
n, T-plane as a point. For a given engine configuration, stability limits
can be determined for each oscillatory mode of interest, and the n, T-plane
divided into stable and unstable regions. The stability of the given engine
is determined by the relation between the point representing the combustion
and the regions defined by the stability limits. If the combustion point lies
within the stable region (e.g., point A in Figure 13), stable combustion is
expected. On the other hand, if the combustion point lies within an unstable
region, oscillations would be expected, with the mode of oscillation cor-
responding to that of the unstable region. For example, in Figure 13, point B
would be unstable in the first tangential mode, whereas point C would oscil-

late in the third tangential mode.

The basic theory considers only very small perturbations and
pressure-sensitive combustion. Therefore, the stability predictions are
applicable only to injector patterns or modes which exhibit no velocity
effects and to combustion chamber oscillations that grow from the normal,
low-level combustion noise. As discussed above, velocity and nonlinear
effects can be treated within the framework of the theory, and appear in the

characteristic equation in the coefficients A, B, and C, and the indices
L L

E;-and ;gu The effect of introducing these effects is to shift the stability

limit curves, thereby moving the zones of unstable operation.
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To illustrate, consider the stability of a single mode, say,
the first tangential. Assuming that the pressure sensitivity is not coupled
to the velocity sensitivity, the combustion point on the n, t-plane remains

fixed. Several possible cases can be examined:

a. The injector is insensitive to velocity effects
(2r =2, = 0) or a standing mode is considered (A = C = 0). The resulting
stability limit is shown in Figure 14 as curve 1. Since the combustion point
lies below the limit curve, it is in a stable region, and the combustion noise

will not grow into first tangential instability.

b. The injegtor is sensitive to tangential velocity effects
only, with a certain value of Eﬁu In this case, the stability limit curve
is shifted downward, for a spinning mode, to curve 2. First tangential mode

oscillations growing spontaneously out of the combustion noise are expected.

c. The injector is sensitive to radial velocity effects
only, with the same value of the velocity index as in case b. The stability

limit curve is curve 3, and stable operation is expected.

d. Nonlinear tangential velocity effects are present, with
a deadband type or nonlinearity. Using the describing function method, the

following results are obtained:

(1) For pressure amplitudes less than 10% of mean

chamber pressure, the stability limit curve is curve 1.
(2) For an amplitude of 20% the limit curve is curve 4.

(3) For an amplitude of 40%, the limit curve is curve 2.
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For this situation, it would be predicted that a bomb or
pulse producing an amplitude of greater than 20% of mean chamber pressure

would be required to initiate oscillatory combustion.

3. Interpretation of Terms in the Characteristic Equation

In order to interpret the terms in the characteristic equa-
tion, it is convenient to rederive that equation in a different manner which
shows the origins of each term. The same assumptions as before apply. 1In

nondimensional form the equations of motion are written as follows:

Continuity:
3
o+7.04q=0Q (50)
-5
Momentum:
=
p—D;+;Vp=(Q+kpz> (g -q) =F (51)
> -> >
Energy:
D l gf_ 13
PDr Gt 2 Tyar Ty ) =6 (52)
where:

D 3
bt "3t t1-V

The right-~hand sides of (50), (51), and (52) are in the order of the mean

flow Mach number.
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If the dot product of q and (51) 1is subtracted from (52),
one obtains i

1Dp _ 2Dp _ /_ -
Y dat a” o¢ (v-1) (¢ E . f) (53).
The right-hand side of (53) may be shown to be p Ds/Dt. Consider (53) as a

replacement for (52).

Now, the time derivative of (53) and the divergence of (51)
are subtracted, the time derivative of (50) is employed to eliminate the

derivatives of p, and other minor rearrangements are made to obtain the

following:
2 2
13p_2a 92,28 27, F4+Q@ -G .0 q
Y qe2 Y ot
5t - - -

+ -0 -q.m-L6a.79

32 22 (54)

Equation (54) is the wave equation governing the pressure oscillations in the
chamber. It may be perturbed and the equation which governs the first order

perturbations (denoted by primes) becomes

193%' 1.2, _23Q" _ -
Y at2 YVP ST V-(E+Q3) (V-pgg)
..3__ - r_'L@E'_
OD gp @B -3 gy (55)



'Report 20672-~-P1F, Appendix B
I, E, Characteristic Equation (cont.)

Again, the mean flow has been considered one~dimensional. Neglecting terms

of order Mach number squared, we obtain

(F+Qq)' =~ -%kop q' (56)

> - -

p' (57)

<o

(G-q.F)'=*-Q h'S -

-> -
|~"d. 1 d - U
V.V .pq)d' Fqgz (.q ) + 3z @V .qah)

51__ ' _dLi liCL’
+ a (q' . e, dz) +V . (q i (58)

where ez is a unit vector in the axial direction. Note that the last term
on the right-hand-side of (55) is not considered of higher order in Mach

number since entropy gradients may be large due to entropy waves.
"~ Note that

q = ue, + ve, + wey

The perturbations can be written as the product of a space

depéndent function and a time dependent function. That is

q' = qe°F (59)
> -
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v . v Ot
s = ge
gt
Q" = Qe

Substituting (56) through (59) into (55) yields

s @v .o+ e (60)

Here the right-hand-side is of order Mach number so that neglecting it the

result to lowest order

n V)
V' p=0"p (61)

Y]
q=- vp (62)

so that together with (61) we find to lowest order

2
N \ c Vv
V. =——.—R=_— 63
q o 7 P (63)
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This may be substituted in I in (60). The result is that with error of the

order of Mach number squared we may write

kp 0
I =6l = —% 3 _9=-23p _03_ (=~
1 =0Q Py a3z -y ez (@p)
> 43y _ o -dq, - d’g
*520 3 Ty Pt (64)
dz
XL G - 0q 28
Y P 9 2z

Now the space variables will be separated by means of an eigenfunction expan—
sion. Actually, this expansion is doubly infinite, but only the primary
component (assuming there is only one which predominates) will be considered.

Letting v and h indicate the primary component,

~ ive _
P = th (z) Jv (Svh T) +
~ ive
u = th (Z) Jv (Svh T) +

aJ :
~ Y ive _
v = Vvh (Z2) E;—-(svh r) e +

J (s, 1)
~ v "vh ive | _ _
w = th (Z2) — e + (65)
~ _ ive o
s = Svh (Z) Jv (Svh r) e +
Q=0, @ I (s 1) e+ - -

vh v vh

i _ ivé

=1y (Z2) J, (s\)h r) e + - -
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(65) and (64) yield

a 4, _p, 43 a4
tZ Unaz ~ v EPmnazt Y az? (66)
_ v-1 QP dsv - dsvh

Y vh dZ dz

and (60) and (66) yield

d2P (02 + s 2)
vh vh P - -1 67)
de Y vh vh

i
Y

s , is the eigenvalue of the solution

vh

1 =

Jv (Svh) 0 (68)
It is convenient to write the variables as the sum of two

terms: one of order unity (zero superscript) and the other of the order of

the Mach number (one superscript). Omitting the vh subscript,

= p(® h)
P, =P  +P
() &Y
U, =U" +U
q, = o' (70)
= g
Sy, = 8
g = c(o) + o(l)
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Now (66), (67), (69), and (70) yield after separation according to order in

Mach number

" (0).2 2
1a%@ | @+ (sy) 20 _ 1)
Y gg2 i Y -
-, (0).2
18P | s 2P P o
Y de Y Y
()
kp o o) (0)
_ (0,00 2 0 , o d 0) g d ,(0)
6 ’Q +~———Y, P +~————Y dX(1= ) + ix
- (0) - 2~
d (0) 4 o] (0) 4 (0) d
+ a’x‘ (U Eg{') + T— P 'ﬁ -U —‘Jé“
dx
(¢H)
12O g p® 4 (@ Gy 72)

One can show from (51) that if the axial velocity disappears at the injector

face the boundary conditions give

0)
dp _ _
iz =0at Z2 =20 (73)
and
1)
dp _ _
7 - Oat Z =0 (74)
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Similarly, assuming the nozzle admittance coefficients to be of the order of

the Mach number, at the nozzle entrance Ze’ corresponding relations are

(0)
S -0atz=2z (75)
and
L
E§E- = 0(0) E P(o) at Z = Ze (76)

The solution of (71) subject to (73) and (75) is

1/2

P(o) = co8 [(w(o))2 - (Svh 2)] Z 7n

where w(o) = ic(o). It follows from (13) and (15) that

(0),2 2
W% - (s ) 1
1@ 2 ——— I atn V)2 - 6 )2 (78)
In (27) and (28), w(O) is given by
2 2
@2 = )+ m=0,1, 2 ---
Z
e

Now with (77) and (78) substituted into the right-hand side of (72), that
equation may be solved subject to (74) and (76). The solution is straight-
forward but generally cumbersome except in the '"pure' transverse case where

m(o) =8 Then (72) simplifies since U(o) = 0 and P(O) = 1 and

vh’
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(1) -
1 d2P(l) _ 21 Soh o 0) i svhkpz
= = -is., Q74— 2
Y de Y vh Y

vh ¢ "az

21 s - is
vh.%% vh (72a)

T vk _1y —vh dg
+ 7 + (vy-1) » dz+is

Intégration of (72a) subject to (74) and (76) yields

&9
-E 20
Y

0)

2,
z, +-[ °Q
(o]

k Ze -
az + §-£ o, dz

29, de 1) Ze (1)dq
———— - r—— — =
+—+ (D) vl W z) £ §'qzy 4z =0 (79)

Since S(l) and %% are of order Mach number, the last two terms are of the order

of the Mach number squared and may be neglected.

(1)

Noting that o = A(l)

(1)

+ 1w "’, Equation (79) can be

separated into its real and imaginary parts to obtain

z Z
(L _ e (0) e -
oz =E +Y[TQ " daz-k["p, dz
(¢} (o}
- [2+ (D] q (80)
21 7z - +fze o{® 4z (81)
e i i

o
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According to the sensitive time lag theory, we have

Qéo) =‘%% n (1 - cos wT)

0 Qio) = %%-n sin wt

so that (80) and (8l) become

2@z g
.__:____E =-L+n (1 - cos wt)
9e 9
-k Ze -
=] e, dz -2+ (-1) (80a)
q o
e
Zw(l) Ze Ei .
- = —= 4n sin wt (8la)
9, q,
Since A(l) is the real part of the coefficient of time in the

V)

exponential, positive A

in (80) implies linear instability while negative
(1) '
A

implies linear stability. Zero x(l)

, of course, indicates neutral sta-
bility. Any term on the right-hand side of (80) which is positive must be

considered as destabilizing while any term which is negative is stabilizing.

The first term on the right-hand side of (80) contains the
real part of the nozzle admittance coefficient. Often, it surprisingly is
positive for first tangential mode oscillations, indicating that the nozzle
has a destabilizing effect for that mode. Calculations indicate that Er/c-le
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can be of order unity in certain cases. In those cases, the effect of the
nozzle is important compared to other effects to be discussed. In other cases,
calculations show that this term is negligible compared to unity and has,
therefore, negligible effect upon the instability (except perhaps in marginal .
cases). One cannot neglect the significant changes in the stability charac-
teristics of an engine which can be achieved through modifications of the

nozzle design.

The second term represents the driving mechanism provided by
the combustion process (according to the sensitive time lag theory in (80) or
more generally in (80)) and is, of course, destabilizing. This term has been

thoroughly discussed in Section I,C and requires no further discussion here.

The third term describes the damping effect due to droplet
drag. Here k is considered a conmstant although it actually may vary with axial
position. Presently, there is no accurate way of determining k, but intuitively
k/c-le is expected to be of order unity. This means_that the stabilizing term
due to droplet drag could be of order unity and therefore significant if a sub-

stantial amount of liquid mass exists in the chamber, i.e.,

Z
J e 52 dZ is order of unity.
o

The final term in (80) equals (Y+1) but has been written as
the sum of "two' and (Y-1). The quantity "two" is traced back to the term
Ve(Vepq q)' in Equation (55). That term is the divergence of the perturbation
of the momentum flux and is nonzero only in the distributed combustion case.

It is a most important stabilizing factor; only the liner can sometimes provide
a larger stabilizing effect. The quantity (Y-1) is considerably smaller and is
traced back to the term (Y-1) %E (G~q*F)"' in (55). As mentioned after

Equation (53), this can be shown to be related to the change of entropy of the

gas.
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Equation (81) gives the frequency correction due to the nozzle
and combustion process. This equation is weakly coupled to (80) since frequency
appears implicitly in the arguments of the nozzle admittance coefficient and

explicitly in the combustion response term.

The question arises as to whether (80) and (81) apply in the
limiting case of concentrated combustion. Zinn (Ref 6) considered transverse
oscillations with combustion concentrated at the injector and obtained a dif-
ferent result. One must look carefully, hqwever, at what was done there. When
the combustion is not distributed dq/dZ = O and from (58) one can show that,
neglecting terms of the order of Mach number squared, V*(V'p q q)' becomes zero
for the transverse modes., This implies that the "two'" in (80) is replaced by
zero. However, the boundary condition at the injector is no longer given by
(74). Through the proper boundary condition, two terms are introduced to the
stability relation: one is a combustion response term equivalent to the one in
(80) and the other, originating through the density variation at the injector,
appears as a '"unity" in the equation equivalent to (80). There is now a "unity"
instead of a "two'" so that according to Zinn the concentrated combustion case
is considerably more unstable than the distributed case. Zinn also assumed
isentropic oscillations so that the (Y-1) term did not appear but that is beside

the point to be made here.

The discrepancy lies in the fact that Zinn did not account for
the change in velocity which a particle undergoes as it changes pulse. This
change of velocity provides an important damping effect. Suppose in the
distributed case q, = q so that F = 0. Then (56) is replaced by

(F+Qq'=2Qq" (56a)
-3

> -
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The Q q' = %%-3' now appears where it did not before. This leads to a "minus

unity'" appearing in the stability relation so that when combined with the "two'

from the momentum flux term the result is 'unity" as obtained by Zinn.

Therefore, the implication is that (80) and (81) should be
used even in the concentrated case and those relations were not obtained by

Zinn only because he neglected certain physical effects.

Similar interpretations could be given to the terms appearing
in the stability relations for longitudinal and mixed mode oscillations which

would result from the integration of (72).

Page 60



Report 20762~PIF, Appendix B
I, Theory (cont.)
F. DISCUSSION OF RESTRICTIONS

This section will be concerned with the restrictions imposed by the
chamber Mach number, chamber length-to-diameter ratio, and frequency of
oscillation. These restrictions have been selected because they effect the

region over which the analysis is applicable.

In order to obtain a solution to equatiomns (1la) through (11i), it
was necessary to express the pressure perturbation, p , in the form of a
series as shown by equation (12). The restriction considered herein occurs
at the outset of the analysis; therefore, it is instructive to interpret

each term in the p series.

If the series is expressed in terms of the acoustic solution, i.e.,

then the following restrictions are imposed: (]) the exhaust nozzle is
replaced by a flat plate at the chamber exit, (2) there is no flow - no
combustion - within the chamber, and (3) the injector is replaced by a flat
plate. The solution of this problem results in the three-dimensional

acoustic solution for a cylinder closed at both ends.

When the next term in the pressure perturbation series is included,

4

P' =Pyt P

the result is that P1 modified the acoustic solution by incorporating the
primary effects of the injector, combustion process, and the exhaust nozzle.

However, the contribution of the gas flow between the axial position where
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combustion is completed, Zc, and the exhaust nozzle inlet, Ze, is not con-
sidered. Equation (13b) shows that all the Py - effects (with the exception
of the exhaust nozzle) exist only in the interval, 0<Z§ZC, and only the

acoustic solution exists in the interval, ZC§Z§ZE.

The work by Scala and Reardon (Refs. 7 and 2) was restricted
to small combustion chamber Mach numbers. This restriction simplified the
mathematics of the analysis and confined their analysis to the partial sum

of the perturbation series

'

P =Pyt

The acoustic solution is assumed to be of the form
p, (4,r,8) =P (Z)‘l’\)n () &, (©)
where the variables on the right side of the equation were given by

P, (Z) - cosh @ 2

- (r) Jv (S\)n T)

cos vO , standing mode

2]
~
D
~
1

e—ve, spinnning mode

where
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The subject restriction is concerned with the treatment of Po (Z); consequently,

in the discussion hereafter, an(r) and Hv (8) will not be mentioned.
The restriction is made in the analysis that

oP

o -
7 = Q sinh QZ < O (ue)

from observations based on the nozzle admittance relationship (see
Reference 2). Note that this restriction imposes the Mach number on an
expression that involves only the nondimensional frequency, w , the
acoustic mode number, Svn’ and the chamber length, Z, even though the
acoustic solution for Po (Z) and BPO/BZ are explicitly independent of

the chamber Mach aumber.

Rocket engine designers generally relate the size of an engine by
the ratio of the chamber length to chamber diameter (L/D). The nondimensional
length Z, is related to L/D as follows

In practice, the frequency range of interest has been taken in the range

of + 10.0% of the acoustic mode number, i.e.,

v
= ]
W n vn

v
where 0.90 < n< 1.10. The reason for using a range of frequencies rather
than the acoustic resonant frequency is twofold. First, the acoustic

resonant frequency exists only for a closed-closed cylinder and the presence
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of flow, combustion, and exhaust nozzle (i.e., system losses) shift the
actual resonant frequency away from the acoustic resonant frequency. Second,
the correlation of empirical instability data requires knowledge of the
intersection points of adjacent modes on the instability plane.

The effect of this restriction is shown in Figure 15 which indicates
the applicable frequency ranges for the first and second tangential as a
function of L/D. The frequency range for which the current analysis is
applicable exists between similarily coded lines. It can be seen that the
region of applicability decreases significantly as the L/D ratio increases.
Furthermore, the region of applicability decreases - for a given L/D - as

the mode of instability is increased.

II. PROGRAM LISTING

The following pages give a listing of the computer program. The input
requirements as well as the logic flow charts for this program can be found

in Section V,B, Case II, Application of Results.
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SEXECUTE 18J08 sLex
$18J08 MAPALTIO BLOX 10
SIBFTC BLOK LIST:M24 8LOK 20
BLOCK DATA SLOK 30
[4 BLOX 40
COMMON  /PROLOG/ LOGIK(581s 3L1: SL2s ZORY BLOX SO
LOGICAL LOGOIKs SL1e SL2s EORY fLeX 40
[ BLOK 7o
DATA SL1o 8L2 /7 oFALSHEos +PALSE. / BLOK 80
END sLoK 90

SIBFTC V8050  LISTeMOs
COMMON /PROLOG/ LOGIK(50)s 3L1. BL2s ERORY
LOGICAL LOSIKs SL1s SL2: EORJ

[
10 CALL CHAMBR
C
4 RETURNS FROM MAJOR PROGRAM IF AND ONLY IF AN IMNCTOR PROGRAN .
4 IS TO BE CALLEDseo INJCTR DETEAMINES WHECH, WRITES SCRATCH
c TAPEs AND CALLS PROPER ROUTINE.
[+
CALL  INJCTR
¢ .
Go 10 10
EXD
SIBFTC OUT LISYoN9s ouT
SUBROUTINE OUTASS(AHR) T 18
OIMENSION A{12) our 20
WRITE(6:10) (AL} In10K) our 30
10 FORMAT (1Xc1248) 0T 40
RETURN anY e
END ot 60
SIBFTC IN LISToMO N
SUBROUTINE INASSB(A) m 10
DINENSION Al12) 1L 20
READ(5+100A 18 30
10 FORMAT (12A6) IN 40
RETURN L] 50
END m [ 1]
SIBMAP SKTRAN  30+LISTREF+DECK oM/ 94 »RELMOD :;: 10
-
- KISMEY TRANSFER VECTOR AS APPLIED TO IBR 7994 J8SYS 8/ /64 :::: :0
» 0
ENTRY  XOVFLO NTIR 40
ENTRY  XUNPLO /TR S0
ENTRY  KOATEA |IR 40
ENTRY  KERROR "« 70
ENTRY  gPINIS «TR 80
ENTRY  KINDXA «I 90
ENTRY  gINDX1 ;IR 100
ENTRY  KINOX2 KTR 110
ENTRY  KOPINP QTR 120
ENTRY' RISORG IR 190
ENTRY  XDATEZ TR 180
KSTCHA EQU 29 oKTR 180
KPRINT QU 10 eKTR 140
KPUNCH EQU 18 KR 170
SYSDAT EQU [ 33 KTR 109
KOPING TRA 1e6 LEFY FROM 784 DAYS OF OPTIGNAL IMPUTYIRTR 190
KFINAL TSX KPINISea TR 200
TR [£.4 AT KFINAL+Y SKYR 230
KOVFLO TTR KERROR INOPERATIVE TN THE XISNET © SENSE SKYR 220
KUNFLO TTR KERROR INOPERATIVE IN YHE XISMEY 9 SENSE  oKYR 230
KINDX1 P2E MTIR 240
KINDX2 P2E *XTR 299
KINDX& PZE R TR 260
KDATEA 8CI 2 NOT AVAILANLE W/0UT PROGRANNZR NELP aKTR 370
KI1SORG PZE 1486001488 PROTECT MUCLEUS aRTR 280
XERROR TSX KFINIS o4 TR 290
KFINIS CALL EXIT oXTR 989
ol =®TR 10
* KOATEZs» TODAY~S DATE FOR KISMET-NA® O FORTRAR IV PROSRAMS TR 320
@ RIR 990
KDATEZ TRA 158 SRTR 340
Enp aXTR 98¢
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SIBMAP #AASSS
& ASE8K9
)
ENTRY ASS8
ENTRY AS138
KI1SORG EQu 1486
AS138 SAVE
CAL Aok
ALS 18
ORA 34
SLW BOGUS
CAL 898
LXA SETOUT~2+4
TXH BADGUY 1400 CHECK FOR PREVIOUS EOF
STA SETOUT
T8X AS38+4
BOGUS EQU L)
P2E LIl DATA» o TCARD
TR SETOUT-2
TR GETOUT=2
PXA 2440 EOF ENCOUNTERED PLAG I¥ ADDR UNZERO
ADD S BONE
GETOUT STO -8
RETURK AS130
BADGUY EQU ]
SXA GETOUT=2+0 RESET fOF FLAS
TR RFINIS WRITE A NOTEeeee THEN FLUSH HIM
EOFMES 8CI 9o IREADING PAST END-OF~FILE ON INPUT TAPEse.JOB FLUSHED
Ass8 (LS 1o
SXA S8IR1.1
SXA 581022
sxp 381IRA A
ASSaxXa LXD S8IR% »H
CAL 194
STA oS
sTTY L oad
ARS i
$TA b
£3a) 45
PXA SR NN
S8 el
STA ASSED SETDT FOR DATA
STA ASSEX
PXA BE NS
SaM -1
STA AS3esl SET BeT FOR
$TA ASSe8 SEY B.TAS FOR BCD NEADER
st10 AS58C2~3 SET TAPE ERROR FLAS NES.
S ASSSE+S L{12) MEAD+12
STA AS36C1
LXA KOVPLO»2
$XA ASSBC+502
AXT AS58Q+2
SXA KOVFLO.2
512 SEYYAS+2 0 TO CARD ERNOR IND.
LXA SETOUT=2+4 OF CHECK
TXH BADGUY 2490 READING PAST EoF
LXA ASSOR &
TXH ASSBA ¢4 K ISORG STORASE INTO MBNITOR
CALL OUTASS(S8BCDT)
TRA KERROR
588CD BCI To BrTAS TOO LOW 1IN MEMORY USING ASSS. INPUT
B8C1 2+ DATA DT
ASS82 TXM ASS8AsA+0
8% QUTASSs4
™A ASSSA
TR i13
AS588 P2E L i d
CLA =12
AS58A TSX TNASSR4
TRA S8R
TR 118
AS3882 PIE -
38184 TXL Les I3l NORMAL RETURN
SSERR CLS ASS8C2-1
sTO AS58C2~3 ERROR FLAG
CAL®  ASS8S
LRS 30
sus AS38J
T™Z A838C2
CLA ASS58C2-2
LLS 30
ASS8C  SLws  ASS8B
LXp S8IRA 4
Loe ASS8C2-3
CAL SSYYAS+2
S81R2 AXT #8992
AXT #2041 RESTORE TRA YECTOR
SXA KOVFLOs1
SBIR1 AXT el
TOP #e2
T28 Mok NCRMAL Om EOF EXIT
LXD S81IRAS
TRA 2+4 ERROR EXIT FROR ASSS
SBEOF LXD 58IR4 S
SXA GETOUT=2+4 EOF IND
™I ASS8C+20401
THX ASS58C3e2s1 SKIP IF END OF CARD
ASS8C1 LDQ #2002
™1 AS58E+1+25500 RETURN WITH NEXT BCD WORD IN MO
AS38P CALL OUTASS(588CD+9+1)
CALL OUTASS({58BCD+116)
AS58Q AXT O TRA MERE IF ERROR
CLA S8YYAS+2
ALS 1
TXH #+2044+0
ORA SH0NE Rl
sT0 S8YYASS2
ORg SOYYAS+2
XL ABS82+0+92 TG READ NEXY LA
AS568C3 TXL AS38G+1+250
LXo =201
™I AS3864+2:~1
AS38J OCT 6321
OCT 3000003:63¢21
DEC 90000000900000:90000090660900:90299296
DEC 8000000+800000+80000+8000:800+80:82128
DEC T000000+700000+7000057000+7000707+216
DEC 60000002800000+60000+60000600+6006+168
DEC 5000000+500000+5000055000+500+3093,280
DEC 4000000+400000+40000540000:6800:60049136
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SAAS0010
#AAS0020
#AAS0030
#AAS0040
#AAS0050
SAASS060
#AAS8070
2AAS0000
SAAS0090
*AAS0100
#AASOL1O
*AAS0120
®AASS134
BAAS0140
PAASSL 50
#AASO160
2AAS0170
#AAS0100
*AAS0190
#AAS0200
SAASO210
©AAS0220

#AAS1010
SAAS1020
*AASI000
SAAS1060
*AAS1090
24451040
SAAS1OTO
#AAS1600
SAAS1990
$AAS1108
BAAS1110
SAAS1120
2AASLLDE
SAASTLNS
*AASY

2AAS3100
BAASI1TO
8AAS1180
#AAS1190
2AAS1200
#AAS1210
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DEC 3000000+300000+30000¢30000300+3093+384 ®ANS1220
DEC 20000005200000+20000020000200+2002+13988 SAAS1280
DEC 100000051000009+10000 SANS1200
S8MIL DEC 1000 - FX1000 SAAS1230
S8CENT DEC 100 X100 SAAS3 280
SaTEN DEC 10 [LT) *4a33276
SBONE DEC 1 ‘ xy 2AAS1200
OEC 1EOS1EB 18701860183 :18401E3:1E2+1E2 12900
DEC 0.48 94AS1960
SVR 0=1s70=1 SAAS1310
ASSBC2 AXT [ 13} #AA81320
ART 002 24A81230
STP AS53G+3 GAAS1540
sz ASS8Y1 2880 FIRST WUMDER FLAG SAAB1E%Q
TX1 AS58D141,2013 SA451380
Lxa *4902 #AAS15TO
XL ASS8P 02 KISORG STORAGE ISTO MOMITOR *2A51380
TX1 *ele201 BUNP STORASE AMIDR, SAASLISO
AS58D STO 820 SAAS1460
SXA #a192 SAAS1ALO
SXA ASS8Y1,2 #4451420
PXD 1+0 SAAS1430
XL 24201458 SAAS1440
ssM SAAS1AS0
sTo SEYYAS+) SAASIAE0
LXD AS58F1+342 RELOAD SAASIATY
AS3301 LDQ S8YYAS+3 SAAS1A00
Sxp ASSOF 20 #AAS1690
$XD AS38Vs) SAVE IR} RAAS1900
(323 SAYYAS aANS1910
Lxo ASSEP41 s 7 78 IRS SAASIRRO
$X0 ASS8K A SAASTDYS
PXD 040 SAAS1ISAO
ASSBE  TNX ASS8C1-192+100 TRA IF NG EXHAUSTED SAAS1990
L6L [ SAAS1560
ALS 3 *AA81070
PAX 12,1 SAASE900
TXM ASS8F1,1472 SARS1900
CAL SSYYAS SAAS3000
™ ASS8F2+100 *AAS2610
ASS8K TXI #elelnn #4AS1820
ADD AS58C2-441 SAAS1830
Ly SOYYAS SAASI6M0
T ASSST=2+401 SAAS1090
sTQ SEYYAS+S SAAS1660
ORA SSNIL=8 SAASISTO
FaD SEMIL=s *AASIRR O
Lba S8YYAL+1 »
LLS [] SAAS!
LXD 2% ) 7 70 INe SAASITED
ASSSF  TX1 Selobeen0 SAASLT26
XL Sebebs? +AAS1TIS
570 SeYvYAS *AAS1 P44
(L4 AS88C2-10 €7 SARSY
FaD SEYYAS *AAS] P60
sTo S8YYAS+] *AASITTS
LoQ SEYYAS+3 sAAS1 T8O
XD ASSS7 s SAAS1 TS0
XY ASSOR=-441064 SAAS1860
ASSSF1 t:g bhé om:no
SQONE+1.] ]
113 ’!hhl Omx:“
TXH A3S586-241+8 SAAS1040
TIX 830148 *AAS1080
™ ASS8Q40 800 8Ch POSITION SAAS1008
ASS8F2 28T AsSeov) SAABLIETO
TRA ASSOE+10 S4AAS1080
AXTY 8841 SAAS1006
SXA AS58Y)e1 SAAS1909
XL ASS8E-~241016 #AAS1926
ASS8G STO S8YYASSS oAAS1920
$XD ASS8F148,2 24481999
LXD ASH8F 2 SAASIDAD
NOP ASS8X~1 SAASI9BD
TXH ASS8H4 06 SAAS1960
CLA SEYYAS PAAS1OVO
oRA SEMIL~s SAAS]
FAD SEMIL~4 PAAS]
FoP AS88C2-304 SAAS2600
cLA SaYYAS+1 2AAS2010
LRS 0 2AAS2020
sT0 S9YYAS FARER638
$XD "2eh 2AA82640
LXD AS58F+1 04 7 2ARS2930
T™™X ASIOH+1 040900 #AASID0
X0 Sebos SAASZOTO
TXL #430240 PAA82800
LoQ 58YYAS+1 #AAS2890
FMp ASS8C2-3,4 2AAS23 00
=<1 04292,080 SAAS2110
ASSSH CLA S8YYAS+1 *AASR120
#AD SAYYAS *AAS2130
sT0 S0YYAS41 2AAS2100
LXD AS58Yea 2AAB21%0
TXH Bolohoal 2AAS2140
TXH AS38V+104040 *aA82170
AL £4351048 #AA82180
TXL AS580+4802:0 »AAS2190
TXH AS380-3,1048 70 STORE RESULT PAAS2260
™= AS58Ws 1940 22882210
sxp ASS8F.2 2AAS2220
$XD 442 BAAS2330
LXD ASS8F 14802 unsu
LbQ 58YVAS+3 22482388
ASS8Y TXL AS38D102060¢ 540 cooe 84432260
THX ASS8W~1020980 SAR32270
CLA 38YVASHL PAAS2280
XL 8069209 PAABIRDD
rop AS8ECI~12 b1 PAABSS 00
$TQ 33YYAS+) 2AAS2310
=1 Saho2o=8 2AA%23320
XL #ob0200 *AAS2330
({4 AS98C2=942 =AAS2940
(30 32YVASSY 2aAS2990
CLA S3YYAS+] SAASTHEO
$X0 43904149 22482378
TRH AS08D<8,3 040 STORE IF o OR »~ 88 « SAAS2380
AS38W LDO 247 HEXT 18 Eobsa BAAS2IDO
L 48588+% ey &lto 2AAS2% 00
.o ASDRY &y 17IvE SAA8S1Q
1] A898D1~3 03052 REET CODE & L]
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TXM AS58D=3+4432 T0 STORE 1F PREV. CODE WAS #AAS2430
XL ASS801~10240 49 =5 os OR E 2AAS2080
TXL AS58D~3+4+0 TO STORE IF DIGITS WAVE BEEM SAASINS0
XL ASSED1~-100+497864 READ ¥ITH KO CODE #AAS2080
TXH A$5809200 ERROR SAAS2670
ASS3X  PXD 2040 SAAS2400
XL #+89406 SAAG2690
XL 84201456 SET MEGATIVE SANS2S00
sTP s ©AAS2910
LXD AS3OP14302 2AA82520
TXH AS58D14391048 PAAS293D
STP AS58GeY SEY FIXED SAAS2040
AS33Y NOP es2’ SAAS2SS0
SSH SAAS2060
LoQ S8YYAS *AAS2370
ove B580NE o6 SAAS2880
sTQ SOYVAS *AAS2390
LXD ASSEVea SAAS2600
L 21354032 #AAS2610
LXA SEYYASe2 SAAS2620
TXH AS38092032 ERROR *AAS2630
™I ASSBV+2 *AAS2040
Loa SOYYAS+H] SAASZ630
THL ®a89209 SAABDSO
Fap SOONE+] SAAS24T0
ST0 SBYVASS] SAAS2680
™! ®ebo29=9 SAAS2090
TXL ASSBW=392 00 #AAS2700
Fue ASH8C2-342 *AAS2710
sT0 SOYYAS+1 SAAS2720
™ ASSBN=200:0 SAABZYIO
CLA SSYVAS L OR A SARS2760
ADM ASSeE-1 SAAS2TSS
™ #e208024 ®AAS2T00
ADM ASS8X FAAS2TTO
STA AS38D SET NEW STORAGE LOCATION SAAS2TSS
TXL ASSOWs1 032 SAAS2TO
™ ASS801440 ERRON SAAS2000
TRA ASS8D+3 SAAS2S10
ASS8Y1 P2E [ SAASZSZ0
S8YYAS EQU COMMON SAAS2830
COMMOM BSS 50 SAARSSGO
2z2222 PZE #AAS2850
COMMON CONTRL CONMONSZZIZZR SAASTE6O
END vAASESTO
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SIBMAP *INTS
#

INTGR

.18

1R4

Ll
INTGS
s

-
L

DECA

OECH

m

IRT

INC

1R2
FIN

GLAUZ =~ BOOLES INTEGRATION - SINPSGNG ZRNCR CONTRCL (o] EoM)

ENTRY
ENTRY
SAVE
CLA®
SXA
570
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LISTIREPHDECK

INTGR
‘INTES
1e2ob
LI3)
IRGsH
]

354

A

A
VAL
6ot

[ 2 D
25242090
TABE®A )
$eb

Tenwea
Tewe

b

FIR
e
4419201
FiNe2e7
IRTH2
IR2e2
DRECA

)

o

12.2
#51920-1
02

KAS

MAS

XN

130
2809880 024006%0

L]
29080980 0mbe
Q

B B8 e 0 e o o 20 b
-

)

[ )
8~-A 13 INTERYAL
NUMBER OF SHYERYALS ESTINATED

MAKES WULTIMLE OF &

& IR OECARNRNT
SETS OUCRBNBNTS AT 3

ZER® GUT TRTYEGRAL AW®
ERROR gums

PRESET FAL AT &
4P 70 IRS

up 10 aPal
PRESET 12 TO 4P+
NA

INTGB010
INTE0020
14TGO030

SK OFF EVERYTHING EXCEPT DICREMINTINTEO29O
NYaI300

ADD 293
NORALIZE INVERVALS
PLOATED MUMBER OF IRTERVALS

EXIT wivh X

CORPFICIENT COUNTER
INTERVAL COVNTER
SET AT &P

F

W0 TNTRORAL. SWN

SEY AT 49

Ny GURek sw

REBUCE IRL Y 1

RESET IR}

STORE COEPFICIENT COUNTER

OUT Te GET NIV VIRME OF X
ALL THROUGN SIENENS

RAXE NG TIVE SReeR
out IF FINISMED

DOUBLE MNUMDER
or

IRTERVALS
STORE MEN INTRAVAL COUNTER
REDUCE 7O RUMBER &F INTEAVALS
T0 ACCUMULATOR
FLOAT

WrezR
/7TOTAL HUWER IATERVALS
REw X
RESTOME [R2
VAL /2i=N
INTROAGL

BUMBER ©OF
THTERVALS
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" FLOAT W' 7O 0CT SMNMER OF

HPG0080
mreesro
1789060
INT68990
10761080
14781010
10783620
HTS1058
IN?81860
nie1e90
INT61060
iHréie70

$HTEI180
14763180
18Y81320
INY781190
SNTBILH0
1%Pa3380
16781388
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SIBMAP KDATE S0sLISTIREF +DECK sM/94 »RELNOD #KDA

. *KDA 10

. DATE == TODAY~S DATE IN THE FORM DD MMMM YYYY #XDA 20

. CALL DATE (BCDATE)s WHERE BCOATE IS 2 CELLS WHICH WILL CONTAIN  #KDA 30

- THE BCD FORK OF TODAY-S DATE SKDA 40

s #KDA 50

ENTRY  DATE *KDA 60

SYSDAY EQU 1) *KOA 70

DATE TXH 0090 #KDA 80

SXA DATELs1 #KDA 90

SXA DATEAs4 #KDA 100

LXA DATEs1 #KDA 110

. OTXH TSLs1+0 #KDA 120

PXA  PXA 196 TSX EWTRY aKDA 130

PAC o1 KDA 140

X1 #4leded *KDA 130

SXA DATEs1 BUILD RETURN ADDRESS #KDA 160

TRA 2N *KDA 170

TSL TXI #41510-1 TSL ENTRY #KDA 180

PXA 01 #KDA 190

PAC ' LOAD UP XR4 POR CALL SEG SKDA 200

CAL 304 DA 210

ADD PAX *KPA 220

STA 01 KDA 230

PXA »0 SKDA 240

Loe SYSDAT MMDDYY #KDA 250

LGL 12 W /DDYY00 #KDA 260

PAX  PAX 11 #KDA 270

L6L 12 00MMDD/YYD000 #KOA 280

ALS 24 0D000B/YY0000 oKOA 290

SLN# 304 DPO00O/0O0SYY #KDA 300

L6L 12 000 YY/000000 SKDA 310

ORA D19 0019YY/000800 SKDA 320

[3 LW 23 DA 330

TNX B4201063 #XDA 340

X1 #41s109 KDA 950

CAL MOTABL+1+1 oA 360

LGR 12 0/8AAA/ABOO00 oKDA 370

ORA® T DOOOOOSBAAA IN 304 (INDIRECT) *KDA 380

SLwe Beh #KDA 390

LGk 36 AB0000/000000 SKDA 400

ORA# 01 ABOODO+19VY #DA 410

SLwe b1 DA 420

DATES AXT .ok SKOA 430

DATEL AXT 0,1 SKDA 440

TRAS DATE ESCAPE *KDA 450

p19  BCI 1+001900 KOA 460

(141 9+ DECe NOVs OCTe SEPT AUGe JULY JUNE HAY APR. #KDA 470

(3] 25 MAR. FEB. DA 480

MOTABL BCT 1o JANa #KDA 490

END SKDA 300

SIBFTC *NT& LISTsN94 INTS

SUBROUTINE INTA(XsY¢X10Y0) INT4 10

DIMENSION X{91sY(9)sXClA)»YCIA) INTA 20

EQUIVALENCE (XCU1)eX1)pIXCI2)sX2)s1XCI3)9X3)otXCIHIoXA)s(YCIL1) 4 Y1IINTA 30

1olYCI2YsY2) 0 {YCI31 YN0 lYCIA)oYA) INTA A0

10 ASSIGN 90 TO NA INT&4 50

Ju2 thta” 60

B=x! INTG 70

20 IF(X1J)130+40530 INTA 80

30 GO TO MA+(905160) INT4 90

40 1FLY(J)130+50+30 INT4 100

50 IF{J~2)60+60070 INT4 110

60 YE=0.0 INTA 120

GO TO 180 INTA 130

70 ASSIGN 150 TO NB INTA 140

Ju =1 INTA 150

80 X1aX1J) INT4 160

X2=X(J=1) INT4 170

A3eX (Jo2) INT4 180

YisYiJ) INT4 190

Y2uYid~1) INT& 200

Y3aY()-2) INTA 210

GO TO NB»(1504170) INTA 220

90 IF(X{J)~B)120+100+100 INT4 230

100 1F(J~2)130+130+110 INT4 240

110 ASSIGN 160 TO NA INTA 250

120 Js el INT4 260

GO 10 20 INTG 270

130 DO 140 J=1+3 INT4 260

XC(JYmX(J) INT&4 290

180 YCIDwYL)) INT4 300

180 D=X2-X} INTA 310

AleBox1 INTA 320

A2%B-X2 INT4 330

YE®A1#A2/200/0%((Y3~Y2)/ (X3~X2)~(Y2-Y1)/D)-A2/D4Y14A1/DSY2 INTA 340

GO TO 180 INT4 350

160 ASSIGN 170 7O NB INTA 360

GO 10 80 INTA 370

170 Xé4eX(3=3) INTA 380

YauY(J-3) INT4 390

DaX3-X2 INTA 400

Ale8-X2 INTA 410

A2=BeX3 INT4 420

XM122(Y2-Y1)/(X2-X1} INT4 430

XM232(Y3-Y2)/D INTA &40

XM34n{Y4~Y3) /{X4~X3) . INT4 450

YESAYRA2ES2/2,0/DU82%{ XN]1 2~XM23) +A2A1B82/2,0/DR28 { XMB&L~XM23)~A2#INTA 460

1Y2/D+A18Y3/D INT4 470

180 YOsYE INT4 480

RETURN INTA 490

END INT4 8500
SIBFTC NTAD®  LIST.M94 INTAD

SUBROUTINE INTADINsY3sX1sY0oDY) INTAD 10

DIMENSTON X{9)sY(9)eXClo)oYCIH) INTAD 20

EQUIVALENCE (XC(1)9X1)o{XCI2)4X2)s(XCI3)sX3)a(XCIO)oXa)o(YCI1) Y1) INTAD 30

1oEYCI2)9Y2) {Y¥C(3)oYB)olYCI&) 0Ya) INTAD 40

16 ASSIGN 90 TO NA INTAD SO

Je2 INT4D 60

Baxi INTAD YO

20 IFIX1J))30+40030 INT4D 80

30 GO TO MAs190014Q) INTAD 90

40 IP(7{J)130+30090 INT4D100
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80

90
160
110
120
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140
150

16

170

180
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lF(J—z)lO-co-?O

0 YEu0,0

G0 TO 100

ASSIGH 130 TO N8
Jugel

X1aX{J)

X2=X{J=1)

X3=X(J=2)

Y1a¥{J)

Y2uY(J=1)

Y3nY(J-2}

GO TO N8, (1%0:170)
IF(X(J)=B)11200100,100
1F(J=211300130s110
ASSIGN 180 YO NA
Jagol

G0 YO 20

00 160 Je)s2
XClJreXi g}

YC{JImYid)

Dex2~X1

Al=B~X1

A2eB~X2

AM23={Y3~Y2) /(XI=X2}
AMI2wIY2-Y 1) /7EN2=X1)
XM2Bw tXM23-XM12)/72,0/0
YOuAL®A2EXM2D~A2#Y]/D+A1#Y2/D
DV-IN!I’(AIOAI)OXHIZ
G0 10

Asstcu 110 TO NB

4o 10 80

XbaX(J=9)

Ya=Y()~3)

DuX3=X2

Al=B=X2

A2ef=X3

XM120(Y2=Y1) /(X2~X1)
XM23a(Y3-Y2) /D
XMI&={Ya~Y3) /{R4~X3)
AM25A2S8 (XN]12-XN23 )
AMISAT#(AMN3G=2N23 )
YOu{ALI9A2/200/D8 (AM2+AN] } ~ARSY24A18YS) /D
DYS{ANIS(2,0%R14A2)+AMIB(2,00A24A111/2,0/D9824XN29
RETURN

[ {4 0]

SIBFTC PASER L 1SToNos

SUBROUTINE PAGE (LINES)

[4
c HEAD MOVED TO /PROLOG/ AND PAGE MODIFIED TO PRINT NEAD 25JUL &7
c
COMNOR  /PROLOG/ Loot:csls. MEAD(12)s SL1s SLZs EORJ
DINENSION TODAY (2
DATA kPG 7 0
¢
IF (LINES=40120010+10
10 L-
© 10 60
20 KeLoLINES
1F(K=~60190+10530
30 Lex
A0 RETURN
[4
50 LeLINESs2

[ 14
T0

IF ( KP§ ,EQs 0 ) CALL DATE (TOOAYS

KPG = KPG + )

WRITE (6480) TODAYs HEAD» KPG

:8-7370; IHL SX GHOATE  2A6s 12X 1246, 11X SHAMIE IS
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INTAD110
INT4D120
INT4DISO
INTAD140
IHTADISO
INT4D160
INTADYTO
INTAD180
INT4D190

14740220
INTAD230
INTAD240
14TAD2S0
INYAD260
INTaD270
1874200
INT4D290
18T40300
18740310
INTAD320
INT4D530
IRTADIS0
1HTADISO
INT40340
1KT4D370
IRT4D380
INTADI9O
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SORIGIN ALODE
$INCLUDE ABCDF
SIBFTC CHAMB  LISToM94 CHAM
SUBROUTINE CHAMBR CHAM 10
4 CHAM 20
[4 20 SEP 67 MODIFIED FOR TABULAR INJECTOR COEFFICIENTS c::: 35
¢ C
LOGICAL LOGIX» ARUN9BRUN+CRUMsDRUNERUNsFRUNsGRUKIHRUN . TRUN+ JRUH CHAM 50
LOGICAL SL1e SL2s EORJ CHAN 60
REAL MACH CHAM 70
COMMON / / CHAM 80
1 GAM» NWI» WIT(30)s AVH{30)» BVN(30)o CVRRI30)e CVHII30}s EE-DSCCHAH 90
COMMON  /PROLOG/ LOGIR(38)s HEAD(12)s SL1s St2s EORJ CHAM 100
COMMON/ABCDF / DINP,STOW CHAM 110
DIMENSION EXTRA(100}s WC(T3) CHAM 120
DIMENSION DINP(4300)sA(1)0BI1)sCI1)oD(1) CHAM 130
DIMENSION X{133)sY(133)50(134)9STOM{222) +STODAT (4607} CHAM 140
DIMENSION 2Z(208) CHAM 150
DIMENSION G(1)sDISTL{20)+DISTH(20) CHAM 160
OIMENSION AMIT(90} CHAM 170
EQUIVALENCE ( EXTRAs DINPs STODAT ) CHAM 180
EQUIVALENCE CHAM 190
1 (LOGIK{1) » ARUM)s  (LOGIK(2) s BRUM)s  (LOGIK(3) o CRUN)s  CHAM 200
2 (LOGIK(&1 o DRUNIs  (LOGIK(S} » ERUN)»  [LOGIX(S) » FRUN)s  CHAM 210
3 (LOGIK(7) o GRUM)s  (LOGIK(8) » HRUM}s  (LOGIK(9) » IRUN)e  CHAM 220
&  (LOGIKI10)s JRUN) CHAM 230
EQUIVALENCE {EXTRA(1)+CA) o (EXTRA(2)+CBY o (EXTRA(S)sCCIo(EXTRA(S)s CHAM 240
1CD) s (EXTRA(S) 9CE) o (EXTRA(E I sCF 1o CEXTRAUT ) 9CG) o LEXTRALS) 5CH) CHAM 280
EQUIVALENCE (EXTRA(9)+CI) CHAM 260
EQUIVALENCE (DINP(1)sA)s (DIRP{3001)+8)+(DINP(340L)oD) 0 CHAM 270
1(DINP(350119G) o (DINP{3801)oC) s (EXTRAI2115HC) o (B(4)UE) CHAM 280
EQUIVALENCE (DINP(601)sAMIT)»(DINP(28135003o(DINPI3981)sX)y CHAN 290
1 (DINP{3851),Y) CHAM 300
EQUIVALENCE CHAM 310
1 (STOW(1) 42210 (STOW(213)sYH) CHAM 320
2 9 (STOM(218)0Jd)s (STOWI215)oME)s (STOW(2163-YL)s (STOW(21714K1)CHAN 330
3 ¢ (STON(218)e)s (STOWIZ219) oKERD) s (STOW(Z220) oXN) CHAM 340
& o (STOW{221)9KQUAD)» (STOW(222)sXL) CHAM 350
s o  (EXTRA(31)» DISTL)s (EXTRA(T1)s DISTM ) CHAM 360
6 o (EXTRAC10)5CJ)e (EXTRAC21)sSNH }s (EXTRA(1Z), WMACH ) CHAM 370
7 ° {DINP(107)sULBAR) CHAM 380
[4 CHAM 390
cun - *a CHAM 400
CHAM 410
10 roanAttxuo.toH A [} 4 ] E F [4 H CHAM 420
1 J 77 3N»(10F8.0)) CHAM 430
20 ?OlﬂAvll//.OthOGH""'il""“0l99’*""" THE FOLLOWING MAIN CONTCHAM 440
1ROL DATA WILL BF USED IN THIS CASE 0777 +CHAM 450
245X333HRATIO OF SPECIFIC HEAT (GAMMA) = 2F7.49//165X:22HDESIRED MACHAM 4460
SCH NUMBER = E12.5,26H (=0 IF BEING CALCULATED) //45X LTHCHCHAM 470
SAMBER RADIUS = sF7.3s 9H (INCHES)»//0ASXs 1THCHAMBER LENGTH « oF743CHAM 480
69 9H (INCHES)»//s45Xs 1THSPEED OF SOUND = sF10s3+ 9H (FT/SEC)e//+CHAR 490
T45Xs 27HCHAMBER MODE DESCRIPTION = sF3e45+ 28H (=0 FOR LONGITUDINALCHAM 500
& MOOES) /) CHAM 510
30 FORMATU///+33Xe83Ho0n0aasnan CHAMBER FREQUENCIES (WC) sessnawens CHAM 520
1 /1) CHAM 330
40 FORMAT (SF20455/ ) CHAM 540
50 FORMAT (30X, SaHonaws MACH DISTRIBUTION IN CHAMBER AS A FUNCTION OFCHAM 550
1 LENGTH #88885//511X 0 THCHAMBER » 15X o 6WMACH » 14X » THCHANBER s 15X s s HMACHCHAM 560
20 14X s THCHAMBER 5 13 R v4HMACH 0 /912X 9 6MLENGTHP 11X o 32HOISTRIBUTION» 11Xs CHAM 570
B6MLENGTH 11X 0 12HDTSTRIBUTIONS 11X o SHLENGTHI 11X+ 22HDISTRIBUTIONs/9) CHAM 380
$0 FORMAT(6(10XsF10a5)) CHAM 590
cas » 9 wie CHAM 600
< suae * " o » CHAM 610
c CHAM 620
tF ( SL2 ) GO TO 170 CHAM 630
4 CHAM 640
SL2 = ¢TRUE. CHAM 650
DO 70 I = 1» 4300 CHAM 660
70 DINP (1} = 000 CHAM 670
GO TO 110 CHAM 680
c CHAM 690
[4 2na86E0S * CHAM 700
4 CHAM 710
80 WRITE (6+100)  NE CHAM 720
90 CALL EXIT CHAM 730
100 FORMAT (1HO10X17HINPUT ERRORs NE = 135 19H, HENCE TERMINATION )  CHAM 740
c CHAM 730
< okl o ot 3 CHAM 760
can L0 * L CHAM 770
c CHAM 780
110 XER = 0 CHAM 790
CALL DVCHK  (KCHK) CHAM 800
[4 CHAM 810
DO 120 I = 1s 10 CHAN 820
120 DINP(J) = 0.6 CHAM 830
CALL AS138 ( DINP(1}, MEAD(1)s NE ) CHAM 940
IF ( NE oNEo 1 )} GO TO 80 CHAM 050
ARUN = CA oMEe 040 CHAM 860
BRUN = CB ,MNEo 0.0 CHAM 870
CRUN = CC oNEo 040 CHAM 880
DRUN = CD oHE. 640 CHAM 890
ERUN = CE oNEs 040 CHAM 900
FRUN = CF JNEe D00 CHAM 910
IRUN = C1 oNEs 040 CHAM 920
JRUN & CJ oNEs 040 CHAM 930
OGRUN = DINP(22) JLEe 040 CHAM 940
1 oANDs { ARUN sORs BRUN ,ORc CRUN oOR. IRUN ) CHAM 930
C CHAM 960
4 PRINT NEW MAIN CONTROL DATA CHAM 970
¢ » gty CHAM 980
CALL PAGE ( 60 1 CHAM 990
WRITE (6510) (DINP{I)y I=1,10) CHaM1000
WRITE (6+20) DINP{11)0 MACHs DINP(14)s DINP(15)s DINP{16)s SNH CHAM1010
< el bbubatabat * 2888 (HAM1020
4 ARE FREQUENCIES 7O BE CALCULATED,o0 IF SOs CALCULATE AND PRINT,  CHAM1030
c el *% hdeld g an#® CHAM1040
IF | .ROT, GRUR ) 60 TO 130 CHAM1050
CALL 'GEMMEG ( WCl1) ) CHAM1060
IF ( BRUN oORe ARUN ) CRUN = oTRUE. CHAMLO0T0
IF ( CRUN ) CC = CC + 1100 CHAM1080
130 JOMEGA=ABS [EXTRA(22)1422,0001 CHAM1090
WRITE (6030) CHAM1100
WRITE (8540 (EXTRAII) » 1223, J0MEGA) CHAM1110
WRITE (6050} CHAM1120
WRITE (6080)( DISTLII)s DISTH(I)s DISTL(I4T), DISTM(1471CHAM1130
1o DISTLUIT+18)0 DISTMITI41409 I=146 Yo DISTLUIT). DISTH(T)s CHAM1140
201STL(14), DISTHMI14) CHAM1130
c 2 #0980 CHAM1160
c CHAM1170
E0RJ = ERUR ~OR, JRUK .ORe IRUN CHAM1180
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IF { CRUN oORe EZORJ ) CALL PAGE ( 40 ) CHAK1190

140 IF { +NOTs EORJ ) GO 10 300 CHAM1200

WRITE (1&) STODAT CHAM1210

BACKSPACE * 14 CHAN2220

EE = CE CHAM1230

DSC = C1 CHAM1240

QAM = DINP(11) CHAML250

1F ( +NOT, IRUN § GO TO 160 CHAM1260

NMI = ( JOMEGA~22 1/2 *1 CHAM1270

DO 150 I = 1o NWI CHAM1280

1%0 WITITY = DINP( 291+21 ) CHAM1290

WIT(NWI) = DIKP( JOMEGA ) CHAM1300

[« CHAM1310

160 RETURN CHAN1320

< eyl HAN1330

C PROGRAM RETURNS IF AND ONLY IF IMJECTOR PROSRAM 1§ TO 8E RUK CHAM134O

4 CHAM13%0

cea - * s CHAM1360

p2 Py i CHAM13T0

4 CHAM1380

4 CHAM1390

170 READ (14) STODAT CHAM1400

BACKSPACE 14 CHAM1AL0

IF ( 20T ERUA ) GO TO 200 CHAM1420

[4 CHAN1A20

DINP(3408) = NW! CHAM1440

DO 160 I = 1, NWI CHAN1430

DINP(1+4322) = WITLI} CHAM1I4860

DINP(1+4S39) = AVN (1} CHAM1ATO

OINP(1+4384) = BVN (1} CHAM1480

DIRPII+4878) = CVNR(I} CHAM1AS0

180 DINP{144590) o CYNI(D) CHAM1S 00

DO 190 1 = NWle 84 17 CHAN1510

190 DINPLE+AS23) = 0.0 CHANLIS20

C CHAM1S30

[4 bbb * CHAN1S40

4 CHAM1S50

200 WC(2) = ABS( WCi2) ) CHAN1360

(4. d CHAM1S70

< FIX NUMBER OF FREQUENCIES AND TEST OESIRE FOR INTERRAL C FLAG CHAN::::
< *oe ® CHAM.

210 NOMEG=WC(2)+.0001 ’ CHAM1600

IF(EXTRAC12))290+220+230 CHAX1610

220 DINPISS021=3,0 ’ CHAN1620

GO 70 280 CHAMIS3D

230 ULIBAR = RACH CHAM1840

UE = MACH . CHAM16S50

240 IF { +NOTe CRUN ) 60 170 990 CHANLS60

(3 CHAM1GTO

[« SET UP DATA FOR PROGRAM C. CHAM1680

Con * * CHAR1G90

250 DINP(3BOY)=EXTRA(1L) CHAM1T OO

NEMAF = NOMEG/2 + 1 - CHAM1IT10

L1 ISEXTRA(1S) . CHAN1720

2Z(2)=EXTRA(15) CHAM1T730

Z2(9)=EXTRA(16) CHAN1TAO

DINP{3805) » EXTRA(14) CHAN1750

DINP (3803 ) sNNHAF CNAM1760

IF ( DINP{3809) .EG. 0.0 ) DINRIS009) » 101.,0 CHAM1770

K=0 , CHAM1T80

ZAVESCLEXTRA(11)4140)/200)#30RT (DINPISOO0) SDINN 3867 )) CHAN1 790

IF(EXTRATR1) 127002600270 N1860

260 SNOZ = 0.0 CHAM1B10

[+ CHAM1820

C USING MALF OF CMAMBER FREQUENCIESs CALCULATE NOZILE FREQUENCIES  CHAM1830

< FOR USE IN PROG Ce CHAM1840

Con o 4 CHAM1850

RORL. = EXTRA(1S) CHAM1860

GO TO 280 CHAM1870

270 RORL = EXTRA(14) CHAM1880

GRAD = SORT((2.,0/(EXTRA(11)42.0))1#(DINPIISOL)/DINP(3807))) CHAM1890

SNOZ = SNH/GRAD . CHAM1900

280 DO 290 I=1.NMHAF CHAM1910

KN={281}41 CHAM1920

NNua21 04K CHAM1930

DINPINNI = ZAVESWC(KN}/RORL CHAM1940

DINP(RN+1) = SNOZ CHAN1950

DINPIRNG2) = MACM CHAM1960

Kegked CHAN1I9TO

290 CONTINUE. CcMAN198O

DINP(NN) nZAVES {WC {NOMEG+2) /EXTRA(14)) CHAM1990

300 CALL CCCCC{EIoZ2Z1{119WC(2)sCCoKER) CHAM2000

4 SET UP MOZZ ADM FOR A8 CHAM2010

IFIKER) 310,330+310 CHAM2020

310 WRITE (60320} CHAM2030

320 FORMAT (1HO 30X39H ERROR PROGRAM C» ALL CASES TERMINATED ) CHAM2040

CALL CORE(C{(1)95620+CC) CHAM2030

GO TO %0 CHAM2080

330 IF { «NOTe ARUN ) GO TO 340 CHAM2070

4 » ; C

4 MOVE OUTMUT FROM C INTO INPUT BLOCK TO A CHAM20%0

¢ CHAN2100

340 NP = CI(3) CHAM2110

40 = 0 CHAM2120

DO 350 I v 1, NP CHAM2130

W0 = IHO + 2 CHAM2160

AMIT(I ) » 2201¥0 ) CHAM2150

ANIT(1+30) = Z22(1W0+ 1) CHAMZ160

AMIT{I460) = 2Z(1WO+101} CHAM21T0

330 CONTINUE CHAMZ190

C ' ZEROES TO END TABLES CHAM2130

AMITINPS 1} » 000 CHAN2200

AMIT(AP+31) = 040 CHAN2210

AMITINP+8Y) = 800 CHAM2220

IF { MACH oLEs 0.0 } ULIBAR = 2Z(20%) CHAM2230

GO TO A10 CHAM2240

< CHAM2250

380 IF ( oMOT, BRUN oANDs SHM «28. 6.0 ) G0 TO 340 CHAM2260

[l CMAN22TO

< MOVE OUTPUT FROM PROS C INTO INPUT BLOCK FOR PROG B. CHAM2280

< .l o CHAMZ290

370 00 380 1=18.200 CHAN2300

380 BL1)e22(1) CHAM2310

B(A1=22120%) CHAM2320

< CHAM2330

590 CONTINUE CHANZSAO

HRUN = (CHaGTe Go0) oORe BRUKM 2ANDs tUEsGEoel) oAND» {CHoEGD40) CHAM2350

[+ NOZZLE ADMITTAMCE IS INPUT TO BROGS As B CHAM2360

cas & CHAM23TO

< CHANZ380

400 IF { -NOTo ARUN ) 80 VO A8 CHAN23%0
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c CHAM2400
6410 CALL LONGL CHAM2410
c . CHAM2420
IF(KER)420+4602420 CHAM2430
420 WRITE {6+430) CHAMZ440
430 FORMAT(1IHO+40X+184 ERROR PROGRAM A 1} CHAM2450
CALL CORE { A(l)s 700s CA ) CHAM2660
440 CONTINUE CHAM2470
GO 10 110 CHAM2480
cunw axsas s » it ettt CHAM2490
- SET UP MAIN CONTROL DATA FOR USE IN 8 CHAM2500
ce » #a o ## CHAM2310
450 IF { oNOTo BRUN ) GO TO 530 ' CHAM2520
Bi1)=WC(1} CHAM2830
B(21=EXTRA(15) /EXTRA(14) CHAM2540
B(3)SEXTRAL11) CHAM2550
B8{5)=EXTRA(16) CHAM2560
B{6) = DINP(1T) CHAM2570
8(7) = DIRP{18) CHAM2380
BIB) = DINP(19) CHAM2390
BL19)=WC{2} CHAMZ600
DO 460 I=1sNOMEG CHAM2610
BUI+169)aWC(1+2}) CHAM2620
460 CONTINUE _CHAM2630
B{200) = DISTLI1) / DINPilk) CHAM2640
B(220) = DISTMIL) CHAM2650
B{17) = 1,0 CHAM2660
DO 480 I = 24 20 CHAM2670
IF(DISTM(1114900490,470 CHAM2680
470 B(I+1991=DISTL(I1/EXTRA(14} CHAM2690
B(1+219)=DISTM(T) CHAM2700
Al17)9B(1T)1+1.0 CHAM2710
480 CONTINUE CHAM2720
490 CONTINUE CHAM2730
CALL TRANS ( Be X+ CBs KER ) CHAM2 740
DO 3500 ! = 9, 100 CHAM2750
00 D(1} = X(I} CHAM2760
IFIKER1530+510+530 CHAM2T70
510 WRITE (69520) CHAM2780
520 ORMAT (1HO0+40Xs18H ERROR PROGRAM B ) CHAM2790
CALL CORE(B{1)9400+CB) CHAM2800
GO YO 110 CHAM2810
[« * # ol 2 bl * CHAM2020
530 IF ( +NOTe DRUN } GO T0 620 CHAM2830
540 DO 550 I=1.8 CHAM2840
X¢IiwDil) CHAM2850
550 CONTINUE CHAM2860
560 X(S)=EXTRA{11) CHAM2870
DO 5706 I = 9, 100 CHAM2880
a¥0 X{1) - D(IY CHAM2090
CALL DDD ( X(1)s Y(1)s CDo KERy ERR ) CHAN2960
IF ( ERR ) 1104580+ 380 CHAN2910
580 {F ( KER ) 61055904410 CHAM2920
560 WRITE (64600) CHAM2930
600 FORMAT (1HO»40X+184 ERROR PROGRAM D ) CHAM2940
CALL CORE(X{1)4100sCD) CHAM2950
GO TO 110 CHAM2960
610 CONTINUE CHAM29T0
6.0 IF ( oNOT. FRUN 1 GO TO 670 CHAM2980
cnte - % # *% CHAM2990
[4 SET UP DATA FOR BPROG F  (Ns TAU ) CHAM3000
4 L s L CHAM3010
630 Y(1)=EXTRA( 14} CHAM3020
QU101) = EXTRA(16)/Y(1) # 12,0/6.2831853 CHAM3030
&n0 YI2)=EXTRALL6) CHAM3040
CaLL FFF  Y(1)e Q(1)s CFs KER» WCI1) ) CHAM3030
IF ( KER ) 6704650670 CHAMI060
650 WRITE (60860) CHAM3070
660 FORMAT (1H0040Xs18H ERROR PROGRAM F ) CHAM3080
CALL CORE(Y(1)+100+CF) CHAM3090
670 GO YO 110 CHAM3100
< CHAM3110
< CHAM3120
< b Sl - CHAM3130
C * » L sras CHAM3140
c# * * b - bt CHAM3150
END CHAM3160

S18F C WGEN LISTIM94 WGEN
SUBROUT INE GENMEG (W) WGEN 10
- WGEN 20
Cuas 127} ». - # b MGEN 30
NiMENSION W(1) WGEN 40
“ WGEN 50
“ LOMGITUDINAL WILL HAVE NEG SNH WMICH WILL BE SET TO ZERO BEFOR RETURWGEN 60
o 1Y SNH 0 LONGITIOUNIAL AND GENERATE + OR - 10 PERCENY OF PIE WGEN 70
bad S 020G * a8 WGEN 80
IFIMI11140+50+10 WGEN 90
Cao dadabubed * Lo WGEN 100
© +OR TRANSVERSE GENERATE 10 VALUES AROUND SNH 9 PERCENT BELOW AND WGEN 110
11 PERCENT ABOVE WGEN 120
# £HERBER L3 » #8 WGEN 130
10 SNN=WIl} WGFM 140
20 DELMEG=,1#SNH WGEN 150
W(3)aSNH-DELHEG WEEN 160
CELMEGRDELMEG/340 WGEN 170
Wi aW{31+DELMEG WGEN 180
DO 30 I=4e12 WGEN 190
Wil)aW(1-1)+DELMEG WGEN 200
30 CONTINUE WGEN 210
cee bl # bl bt WEEN 220
C NEGITIVE 10 INDICATES TO PROGRAM THAT FREQUENCES ARE GENERATED INTERMWGEN 230
Ceteransanpudnians # Hanes *RIRSFRRAS & WGEN 240
W{2)#~1040 WGEN 230
PETURN WGEN 260
Eany 4 ° 2 WGEN 270
T ugG GENERATE ¢ OR ~ 10 PERCENT OF POSITIVE INITIAL GUESS WGEN 280
P PRy ™ » e L e &% WGEN 290
49 SNHsW(1) WGEN 300
H{1)a0.0 WGEN 310
GO T0 20 WGEN 320
50 SNHe3,141892 WGEN 330
GO 70 20 WGEN 340
END RGEN 3350
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SORIGIN BLODE HYKN
SIBFTC HYMN LISTsMO4 HYMH 10
SUBROUTINE TRANS { 8INs XOUTs CBs KER 3 HYNH 20
< HYMe 30
[ CALCULATES COMBUSTION PARAMETERS MRy H - HYME A0
< PROGRAM BY LW VERNON FROM llNAY"I ARALYSIS OF AJ SHITMs JUR HYMN SO
< INCORPORATES CORRECTIONS TO ANALYSIS THRU 1 Jul &7 HYMH 80
[« BOOLE INTEGRATION AS-OF 12 JUNE &7 HYMN 70
< RHOs RMOL CONVENTION5 CORRECTED 22JUN &7 HYBH 80
C 20 SEP 67 MODIFIED FOR TABULAR INJECTOR COEFFICIENTS HYMN 90
4 HYMN 100
[« HYMN 110
[ HYMH 120
REAL IARs IAI» IBR» 181 HY®R 130
LOGICAL LOGIKes HRUMs CKOUT» SIMPL» KNOT» LIMIT, TABLR HYNH 140
< HYMR 150
COMMON /PROLOG/ LOGIK{38)s HEAD(12)e SL1s SL2+ EORJ . HYKH 180
COMMON /7ABCDF / DIN (4300} HYMH 170
1 o SPACE(222)s H!T(l‘lh AVE(17)s BVRIIT)s CYRR(1T)s CYNIILT} HYMH 180
DIMENSION ( 240 ) » ©S ( 60 102 1) » HYMH 190
1 22 {102) » STAB €102 3 » 6L ¢ 12 3 o HYIN 200
2 v (102 ) » CTAB ( 102 ) » SLAH { 12 ) » HYHN 210
3 o € 1021 » DU (302 ) s 2ZAP {12 ® HYMN 320
4 W 102) s DUL (1021) s € €12 ° HYMH 230
S RHO ( 102 ) » DRNO t 102 ) ] t 12 ’ HYKH 240
6 RHOL ( 102 ) » DROL ( 102 ) » 2ING ( 6 ) ? HYHN 250
7T OBAR ( 102 ) » DO (102 ), SIW ( &) ° HYN R 260
8 2IPS ({102} » V1 £ 102 ) . ERRZ ( 68 ) ® HYMN 270
9 IIPS {102 ) o V2 (102 ) 0 2°F t &) HYMK 280
OIMENS ION HYMN 290
1 THR ( 30 ) ¢ THI ( 30 )+ THTR { 30 ) » THMTI ( 30 ) HYRN 300
ODIMENS ION AL ( 6) o DFEX ( &) * HYMN 310
1 BIN (240 ) » XOUT ( 100 ) » #C {28 ) * HYMN 320
2 MWEY ( 30 ) e+ ERT ( 30) », EIY ¢ 30) ’ HYMS 330
3 201SY( 20 ) o CRT ( 30 ) » CIY t 30 . HYMN 348
4 DISTM( 20 HYM® 330
EQUIVALENCE HYMN 360
1 ( HRUM o LOGIK( 8)1s( CXOUTe LOGIK(IB))ol SIMPLs LOGIK(14))e  HYMN 370
2 ( KNOT » LOGIX(1519o( CIMIT: LOGIK(14))s¢ TABLRs LOGIK{1I?)) HYMR 390
EQUIVALENCE HYMN 390
1 { B811) » SNM Yol BL 10) » ZIRC Yol DINC 34) o RCH Ve HYMN 400
F t 8l2) » 28 190 B 18) » XHE Yol ULIY) s U8 o HYMN 410
3 (-843) o GAX 1ol B 19} » XNW Tol RMOLIYY o ANOLO Yo HYMM 420
4 ( BiM o UE Yot BL170) » WC Yst B120) » WEY Yo HYMN 430
5 ( 8(S) , SOUND 1s( 812001 » IDIST 1ol B(30) ¢ ERT ie HYMN 440
[} { Bl6) » ULM Tol BU220} » DISTH )ot WEBD) s EIT Yo HYMR AS0
7 08N . X Vel B4318) » CAT Ve HYMN 460
8 1 Bi8) o XCHPL iel BI1A0) » CIT ¥ - HYMN 470
EQUIVALENCE HYNN 4890
1 t DINI3AOS)s RLOK ol DIR(340T)o TLOW ) HYMI 490
EQUIVALENCE HYNN $00
1 CAIR o AL € 1) .2l A2R » AL ( 3) Yol AGR o AL ( 3) s  HYMN 510
2 CALT 5 AL 0 20 3al AZ1 o AL (&) 3ot AT 4 AL ( 6) ) HYMN 520
3 ( G20R o SLAM{ 9) )ol DG20R » SLAMI1O) ) HYMN 530
L3 ( 6201 o SLAM{I1) )ol DGO o SLAME12) ) HYNR 340
< HYMN $30
[4 HYMN 360

10 FORMAT ( / 65H TRANSVERSE STABILITY PROGRAMess CALCULATES MR HI HYMN 570
1 OR HTRe HTI ) HYMN 380
20 FORRAT ( /7 11M INPUT DATA// FSXSHSNHIRZU2M2E1OXSHEAMNAOX INUEPX HYNN $90
1 1AHSOUND {FT/SEC) 2X13H ULM (FT/SEC) 5X XK (DRAGIAX1IHXCOMPL HYMNN 608

201N /7  F1548s Flasls F1245+ Flaels F14.20 2% IF23,6  // HYNR $10
3 SKXIONINCRENKENTS SXANLR/N L1XANLY/N / SXF8cls 2F25.7 /7 ) HYMN 620
30 FORMAT { 77 29H NOIZLE ADMITTANCES INPUT// 1SXSHOMESA (CH) 12X HYMSt 630

1 SMERT 1TXINELY 17XSMCRT 17X3NCIT // ') HYKH 640
A0 FORMAT ( 7/77/22M CALCULATED RESULTS+as 10X 29MFIRST-QROER SOLN ( UHYMQ 650
INIF INS ) 19X2IMSECOND~ORDER SOLUTION // 17XSHOMEEA 13XEMH REAL  HYMN 660

2 14X6MH IMAG ISXTIHT REAL 13XTHHT IMAG ) HYMN 670
50 FORMAT ( 9XF15,T¢2£20.8 )} HYMN &80
60 FORMAT ( 9XF15.7904E20.8 ) HYNN 690
T0 FORMAY t /7 31H INJECTOR COEFFICIENTS 1HPUTaee 7/ ) HVM 700
80 FOMMAY 1 JIXSRANM 17X3HBNW 16XGHCNA RE 1AXGMCHM 1IN / 4220.85 ) HYWN T10
90 FORMY (10XSHOMEGAIGXIHANHITHSHENH] 6XAMENM RETANSHCRH 1M/7(3E20.9))MYHY 728
100 FORMAT ( Y2MOINTEGRALS 6E13.8 ) HYHN 730
110 FORMAT ( 61 ERROR 6X6E18.8 1 HYMN 740

120 FORMAT ( 29HODUNP OF TABULAR FUNCTIONSeeo // GX2HZIZ12RIMULLIR2HOU HYMN 730
TIX2HUL I IXSNRHOSXSHRHOL 9XAHQBARDRANZ IPSIXAMZIPS // (1K 9E13.3) IHYMN T60

130 FO‘AT ( IBNOTABLES FOR HIMACH//8X2HZZ11XIHOLULIIXSHDULIXAHDRHOIX HYMN 770
1 AHDROL10X2HDQ1IX2HY111K2HY2/7) HVlﬂl 780
160 FORNAT ( 1H 8E13.5 ) HYMN 790
150 FORMAT (/10XIHWIAXIMIARISXIHIALLSASHIBRISAINIDI1AXSHERCONISXSHEICOHYMN 800
1N/@X4HG20R1AR4HG2 1R 4 X 3HDG26RL 3XSHOG21 R1I4XSHHIRISKSHH2R1 SX2HCR HYHH R10

2 /78XANG201143X6HG21T15X3HD020113NSHOG2 116X SHHITISXIHH2T15X2KCT//) HYMY 020

160 FORMAT ( TE18.8 ) HY®N 830

c HYMH 840
[ Sind #0® HYMHN 830
< a88 HYMH 860
HRUN = DIN(8) +GEa 0,0 HYMN 870

CALL DVCHK { KCHK ) HYXN 880

HWl = DINI3408) % 001 HYMM 850

TABLR = NWwl .88, 3 HY®H 900
00170 1 = 15 240 HYMN 910

170 BiL} » BNt ) HYNH 920
180 IF { CB~10,0 ) 22021905190 HYMN 930
120 CALL PAGE ( 70) . HYSR 940
KOUT = 2 HYMR 950

MET a XAE HYRN 960
WRITE (6010} HYMN 970

IF { C8=100.0 ) 220:200+200 HYMN 930

200 WRITE (8020) ( B(I1)5 I = 15 8 ) 2IHC, RLOM, TLOA HYNN 990
HRITE (4930) HYH1000
WRITE (60801 ( WEVC(I)y ERT(IILEITIIIo CRYLIDCIVIIIo IwlHNHEY ) HYMN1010
CKOUT = { CB 26Te 200.0 ) HYMN1020

1F | ROTs HRUN ) GO TO 220 HYMN1030
WRITE (69701 HYMN1040

IF { TABLR ) GO TO 210 HYHN1050
URITE (6sB0) AVAEI1)e BYRI1)e CYRRIL)e CYHIIL) HYEN1060

60 70 220 HYMN1070

210 WRITE (65800 ¢ WIVII)e AYM(I)o BYHII}e CYMRIT)e CYHIC(I)s HYKRN1080

1 1 5 1 HWI ) HYMN1090

< HYMN1100
[4 GEMERATE WORMALIZED DISTRIBUTION AWD OTHER TABULAR FUNCTIONS HYMH1110
< . - HYNN1120
220 2¢ = lC”L‘I acH HYRNI130
2 HYIRN1140

IDZ L llﬂc + 0 HYRN1180

CALL InTs ¢ ZDIST' DI&THs 2Co USNRM ) HYMN11 G0
SCALE » UR / UR HYMN11T0
SIRPL = 192 .Lﬁo L HYMN1180O

1P ¢ SIMPL ) @0 70 230 HYMN1190
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‘Report 20672-PIF, Appendix B

INT = 2
IDZ = 10274 & &

MUST BE POSITIVE MULTIPLE OF FOUR. LESS THAN 101
GO TO 240

INT = 1
ip2 = ~102/72 # 2

IF ( { IDZ +EQas O ) sORa { IDZ «GTo 100 ) } (DZ = B0
1IDZ 1S NUMBER OF Z~-IWCREMENTS.

1o2P = IDZ 4+ 1
DZ = 2C / FLOAT(IDI)

Z2t1) = 040
U1y = 1,0€=-10
DUt1) = 0,0
RHO{1)® 1e0
uto = ULM/SOUND
GF1 = ~1,0 7 (GAM~1.0})
GF2 = (GAM-1,0) / 2.0
RHOZE = { 140 + GF2SUERUE ) #&GF]
RHOLO = RHOZE # UE / ULO
QBAR(1) = 0.0
ZIP3{1}) = 0.0
ZIP3{11 = RHOLO
ABOVE ARE FIRST TABULAR ENTRIES,

Z = 040

DO 230 1Z = 24 ID2P

22 +02

CALL INT4D { ZDIST, DISTMs Z» U(CIZ)s DULIZY )

22012y = 2

U (1Z) = UCIZ)#SCALE

DULIZ) = DU{IZ)#SCALE

UL(T2) = UL{IZ~1) + XK#DZ®( U(IZ-1)-UL(IZ-1) J/UL(12-1)

TEMP = 1.0 + GAM®{ ULIZ)~UL{1Z} )1#ULI2)

RHOI1Z) = | 140 + GF2eU{JZ)WUI(1Z) } #&GF]

RHOL(12) = ( RHOZE®UE - RHO(IZ)sU{12) } 7 UL(IZ)

QBAR(IZY = ( ( 10 - GAMBUCIZISULIZ) }ERHO(IZ)I®DU(IZ)

~ GAM®ULIZ)#RHOL{IZ)#XK#{ UII1Z)=ULITI2) ) ) /7 TEMP

21P3(1Z) » DULIZ) + DULIZ)

21P5(1Z) = RHOL(IZ) / RRO(IZ)

CONTINUE
22(1DZP) = 2C
U (1DZP} = UE
DULIDZP) = 000
RHO{ IDZP) = RWOZE
RHOL(1DZP) = 060
QBAR{IDZP) = 0,0
ZIP3LIDZP) » 040
2IPS(IDZP) = 0,0

QBARy 21P3s ZIPS AS TABULATED ABOVE ARE PREQ-INDEPENDENT PARTS
OF INTEGRANDS «

-0

nn

260

270

IF { «NOT. HRUN ) GO YO 270

INITIAL VALUES FOR HI-ORDER TABLES
HDZ = 0e% * D2
b2u {1) = 0,0
DRHO(1) 0.0
DROL (1) 040
be (1) 0,0
duL 1} ~-XK
vl (1} 0.0
vz (1) 1.0

HDZR = 0,5/02
Al = NDZ/ULO
HI-ORDER TABLES
DO 260 12 = 2, 1DZP
A2 = HDZ/ULIIZ)
VI(IZ} = V1(1Z-1) + Al 4 A2
V2(12) » EXP{ XK®VI(I2)
Al = A2
puL (121
DRHO(1Z)
DROL(12)
e (1)
b2y (12)
CONTINUE

UL (IZ+1) = UL (12=1) )®HODZR
RHO (1241} - RHO (I2-1) )®HDZR
RHOL(1241) - RHOL{IZ~-1) )®HDZR
QBAR{IZ+1) - QBAR(1Z~1) )#HDZR
DU  {12+41) = DU (12=1) )I*HOZR

-~

FTNAL VALUES
DUL (IDZP} = XK®(UE~UL(IDIP1I/UL(IDZP)
DROLIIDZP} = 040
DRHO(IDZP) = 0.0
DQ (IDZP) = 0.0
D2U (IDZP) = 0.0
D2ut2) = 0.3a8D2U(3)
DQ (2) = 0e%2DQ (3)
D2u(1DZ) = 0.3#D2U(1D2-1)
DQ (IDZ) = 0,5#DQ (ID2-1)

KNOT = XK o+EQe 0.0
XI2R = 0.0

XI3R = 0.0

XI4R = 0,0

VKI = 0e0

VK2 o 000

IF ( TABLR ) GO YO 270
ANH = AVN(D)

BNH = BVN (1) # RLON
CNHR = CVNR{1) * TLOW
CNHI = CVNI(1) * TLON

CONTIMUE
NW = XMW

CALCULATIONS FOR EACH FREQUENCYs W

a¥alaXaXaXs Xal

DO 820 IW = 1, HW
W E NC(IW)
OMEG2 » SHH*SHH - Waw
OMEC = SQRT(ABSIOMEG2))
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Report 20672-PIF, Appendix B

LIMIT = JFALSE,

CALL INT4 { WET, ERTs Wy ER )
CALL INT&A { WETs EITs We ET )

1F | OMEG2 ) 28092909300
280 Im =« }

GO TO 310
290 IM =

2
OMEG = 0o.5E~10
OMEG2 = 0.25E-20

300 IM = 3
EVALUATION OF SIX INTEGRALS BY BOOLE FORMULA

{ OR SIMPSOH )

BOOLE INTEGRATION IF ZINC INPUT POSITIVE, ELSE SIMPSOR RULE

{ BOOLE IS SIMPSON RULE WITH ERROR FORMULA )
IM IS ( 1¢ 29 3 ) AS OMEG2 IS ( -5 O

s + Jo
THEN USE ( CIRCULARs LIMIT. HYPERBOLIC ) FUNCTIONS

310 DO 320 I = 19 6
320 ZINGI1) = 0.0
NOD = 3
DO 430 1Z = 1+ IDZPo INT
Z = 22(12)
GO TO (330+340+330)s NOD

330 WT = 1.0
60 TO 360

340 WT a 2.0
IF | 12 .EQs IDZP } GO TO 330
HOD = 1
GO TO 360

3%0 WT = 440
NOD = 2

3160 PSI = OMEG # (2E-2)
GO TO (390:370+380)» 1IM

370 2EZ = 2E ~ 2
IF(1) = QBAR(IZ) # ZEZ
ZF(2) = QBAR{IZ)
IF(3) = ZIP3(1Z)y % ZEZ
ZF(ay = 21P3(12)
2ZF(8) = ZIP3(12) # ZEZ
ZF{s) = 21IPS(1Z)
GO TO al0

380 CF = COSM(PSI)
SF » SINMIPST)
GO TO 400

390 CF » €OS (PSI)
SF = SIN (PSI)

400 ZF(1) = QBAR(IZ2) #
ZF(2) = QBAR(1Z) =
ZF(3) = 2IP3{12) * SF
ZFte) = 21P3(12) #
IF{%) = ZIPS(1Z) #

ZF(5) = 21PS5(12) » CF

IF ARE COMPLETE INTEGRANDS

410 DO 420 1 = 15 6 -

ZING(T) = ZINGII) + WTHZF(I)
420 CONTINUE
430 CONTINUE

GO TO (460:440)0 INT
440 INT = 1

DO 450 I = 15 6
450 SIMP(1) = 2ING(I1#DZ/1e3

SIMP 1S SIMPSON INTEGRAL FOR 102/2 INCREMENTS

GO TO 310

460 DO 470 1 = 15 6
&T0 ZING(I) = ZING(I)®#DZ/3.0

ZING 1S SIMPSON INTEGRAL FOR IDZ INCREMENTS

IF ( SIMPL ) GO TO 490
INT = 2
DO 480 1 = 15 &
ERR211) = ( ZINGLI)-SIMPLTY ) / 15.0

IF { ABS(ERRZ(TI/ZING(I) 1 4GTo 0408 ) CKOUT = oTRUE.

ZINGs SIMP ARE SIMPSON INTEGRALS WITH 102 1D2/2

ZING{1) = ZING(1) + ERRZ2(1)
CORRECTED ZING 1S NOW BOOLE INTEGRAL
480 CONMTINUE

ABOVE ZING(I) ARE THE REQUIRED INTEGRALS

490 IF ( aNOT, CKOUT J GO 70 3500
WRITE (65100) 2ING
IF ( «NOT, SIMPL } WRITE (6+110) ERRZ

500 OZE = OMEG @ 2E
WKSQ = XKEXK + Wiy
Tl = XKeW /7 WKSQ
T2 = Wad /7 WKSQ

THCREMENTS

YIR = GAMBZING{2)=2ZING(2) + ZING(&) <+ WATIRZING(H)

Y11 = XKBT14Z1HG(6)
GO TO (530+510+520)s IM

510 Y2R = ~SNH*ER/W
Y21 = ~SHH#E1/W
ERCON = SNW#ER
EICON = SNHeET
GO TO 350

320 COZE = COSHIOZE)
SOZE = SINH{OZE)
GO TO 540

330 COZE « cos3(028)
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SOLE = ~3IN{OZE)

ERCON = SNHAER/OMEG
EICON = SNMSE]/OMEG
Y2R u ~SNHBER/WAICOLE
Y21 = ~SNWHSE]/WeCOLE - CHEG/¥WOBROIE

TEMP = GAMSZING(1)=2ING(1) + ZENG(3) ¢ WET1aZIR&(3)
YIR s ERCONZXAKST1IRZING(3) ¢ E1COMBTENP

¥3] = ZICOMBXR4TIHZING(5) - FRCOMTENP

Y6R = EJCOHOZING(1) + 2ING(2)

Y&el = ~ERCOROZING(])

e 22

(alaXaRaNalsNa¥al

460

CALCULATION OF FIRST~ORDER SOLUTIONH:es

HIR = { YIR+4Y2R4Y3SR )/GAN
W1l = ( Y11+Y214YS1 )/0AN
HD = Y6RAIYOR 4+ Y&I2Y6I

HR = ( HIRSYSR + M1ieYel ) / D
HI = ( HIT9YSR =~ HIR®YSE] ) /7 KD

THREIW) o MR
THI(IW) = HI

IF ( oROT. WRUH ) GO Yo 820

4

ala¥aXalsXalllal

570

580

585

590

600

610
620

40

on

650

OO

-0

TERMS PROM HIGH-OADER ANALYSIS ( STILL IN W=LOOP )

INITIALIZE INTEGRALS. INTEARAWNDS FOR 15840

DO 370 1 = 10 &

ALtL) = 040

80 570 12 = 1, 1DIP

GS{1,12) = Qa0

DO 380 1 ~ 1+ 12

oDt} = 0.0

ZAP(I) » 0.0

GLIIe1) = 0.0

SLAN(I) = Qo0
AOLS) = ~XKRIONES2
1P 1 1M 4800 1 ) 3028 » -g3IE
NOD = }
TEP o =T13HWOLO
GLE 941) = TENPRXKWISSOIE
GL{10s1) = TENPRXKSWECO2E
GL{11+3) = TENPSOMEG24S02E
$(12+1) = TEMPOOREEZRCOZE

IF ( .NOT« TABLR ) GO TO 885

CALL IMT4 WiTs AVN » Woe ANH )
CALL 1HTS WITs BVN » Wo BN )
CALL INTS WiTe CVRRe We CHMR )
CALL INTS WiTo CVNIo We CHNE )

BN 2 RLON @ BNH
CHNHR 3 TLON © CHMR
CHHI = TLON ® CHMT

YE = ANH = CHOIT/ ENEGAM)

YF a ( BNM ¢ CHHR ) / (W9GANM)
H2R o YGReYE - YGI&YF

H21 = YORSYF + Y&LI®YE

HESQ = HIREMIR + W2I8H2I

HA o ( HIRSNER ¢ HM1I®M2I ) / HSSQ
NE = ( HITOM2R ~ WIRSN2T ) / NSSQ

CALL INT& { WET. CRTs Wy CR )
CALL INTA { WETe CITe We CT )
-

GO TO (590:610:630), I
DO 600 12 = 1, 1D2P
ARG = ONEGE2Z(1Z)
STAB{12) = SIN {ARG)
CTAB(12Z) = COS (ARG)
SIGN = =1.0
GO TO 630

DO 620 12 = 1, IDIP
STAB(12) = 2Z{12)
CTAB(I2}) = 1,0

GL(11+1) = TEMP 9 2§

GL(12+1) = TEMP

GO TO 6350

DO &40 12 = 1, 1DZP
ARG = OMEG®XZ(11}
$TAB(1Z) = SINM(ARG)
CTAB(12) » CO3MIARG)

SIGN = 1.0

DO 780 12 = 24 1DZP
HOD = MOD + 1
a XKSRHOL{IZ)/RHOIIZ)
= DULIZ) + VY3
VS & QBAR(IZ1SY4 + RNO(12)19UL1Z19D0(12)
a { RNOL{IZI/ZULIIZISDUL(IZ) - DROLIIZ) ) / RWOUIZ}
s ( 2,08(D2UC12)=DULIZ)) ¢ VI ~ XAKBVYE )
V8 = XKSZIPS(IZ) - ULIZ) - 3,0%0U(1Z)
V9 = v3a( DULIZ) = BULIIZ) = ULIIZ2)I/RNOLIIZIZDROLIIZ) )
+ DUIIZ)eDUIIZ)
V10 o ( GAMSDGIIZ) - DO(1Z) + RHOIIZ)ISDEULIZ) o D2ULIZ) )
@ U(IZ)/RHO(IZ)
s UCTZ)/RNO(12)8DROL (T2 /RHOLTZY
= { GAMMIGARIIZ) - QBAR(IZ) JoDULI2)
V13 & { V12 & D2UITZ) }/RMOCID)
= QBAR(IZ)/RHO(IZ)
= (GAM=148) ® ( V188V1s + U(IZ)/RNOLIZI®BO(IZ) )
s ((UCIZ)=ULLIZIISDA(IZ) ¢ QBARIIZISIDUIIR)I~-DULIIZ}Y)
# RMO{12)
¥i9 o ( ULIIZI-XR=-DULIIZ) § 7 ¢ ULLI2I®ULIIZ) ) & RNOLIIZ)
VB0 = V19 + DROLIIZIULIIZ)
P 8L = VIS = GMRIIVIE - BN4IZ) - DUCIZ)LBKHO{1R)
. ¥22 & GAR = 300
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Report 20672-PIF, Appendix B

V23 = RHO(IZ) + 1.0
V24 = RHO{IZY -~ 140
V28 o v22 & (QBAR(IZ)#DUCIZ) + UCIZ)I®DO(12})
V26 = DULIZ) ® (V228QBAR{IZ) + (GAM + V23)%DU(IZ))
V27 = RHOUIZ)#V10/T2
-

V22 # (QBAR(IZIS{QBARIIZ)I/RHO(IZ) » DULIZY)
+ 2.0%U(12)#DQIIT))
V29 = RMO(I2) & (DULIZINMIZY ~ UL(IZN)
+ DULIZ)IW(DULIZ) ~ DULTIZIN)
V30 = y(123¢p2Utl2)

THE FUNCTIONS V1 ooe V20 ARE INDEPENDEMT OF W, HEMCE WE COULD
TRADE CORE FOR TIME BY TARING ALL OR SOME OUT OF W~LOOP AS
SUBSCRIPTED VARIABLES. LET S SEE FIRST WHAT CORE WE WAVE.

-

ARG m W @ v1{12)

CWV = COS(ARG)

SWV = SIN{ARG)

XI10R = CWVSV2U1Z)/RHO(IZ)
XI10] = SWvev2({11)/RHOLIZ)
ZETAR = CWV/V2(12)

ZETAL = SWV/V2(1Z)

XI14R = XI1OR®DUL(IZ)
X181 = X1101#DUL(12)

OlEZ = OMEG % ( ZE-22(12) 3
GO TO (8660+670+680)s IM

PO = CTABIIZ)

PPO = ~OMEG®#STAB(I2)
ST = SIMN ( O2EZ )
CT = COS ( OZEZ )
60 TO 690

PO = 140
PPO = 0.0
ST = ZE-ZZ(1Z2}
CT = 140
G0 TO 690

PO = CTAB(IZ)

PPO = OMEGWSTAB(12)
ST = SINH( O2£2 )
CT o COSH{ OZEZ )

1Jk = 0O
00 700 J2 = Il IDZP
UK = IJK + 1
GS{1sJ2) = (QBAR(CIZISSTAB(IIKISOBAR(IZ=-118STAB(TI K+1))
# HOZ + GS(1eJ2}
GS(24J2) = (QBAR(IZISCTABIIJRKI4QBARITIZ-1)SCTAB(I K41 ))
* HOL + GS(24J1)
GS{3,JZ) = (ZIPS(IZVINSTABIIJKISZIRI(12-1)83TAB(IIK+1))
# WDZ + GS(34J1)
GStAsJT) = (ZIPMIZISCTABIIJKISZIPI(I2=-1)0CTABIIK41))
* HDL + GS(AyJ2)
GSUSeJL} = (ZIPSIIZ)INSTABIIJIKIZIPS{I2-1)8STABIIK+1D)
* HDZ + GS(5,J1)
GS(heJZ) = (ZIPS(IZ)SCTABIIUKIHZIPI(IZ-1)CTABIIIK+1))
* HDZ + GS(69J2)

CONTINUE

PIOR = ~XX#WSGS(5+12) » T}

P10I = ( GAM®GS(1+12)=GS(1o1Z)4GS(3+1Z)eWaTIRGS(5,12) ) ® W
PLIR = 040 )

PLIL = [£3]

IF € LIMIT ) GO T T10

PIOR o PIOR/OMEG

P101. = P101/70MEG

P111 = P111/OMEG

PPIOR = ~WEXK#T] # GS$(6012}

PPIOT = (GAMSGS(2+12) ~ GS(2412) + GS{4s12)

- + WeT18GSI691Z) ) # W
PPIIR = 040 )

PPI1] » ~WHGS(2+1Z)

IF ¢ XNOT ) GO TO 730

EVALUATE INTEGRALS IN EXPRESSIONS POR LAMDAS ( AL(IY )
XI16R = { WORHOL(IZ)14ZETAR = VIO®RETAL ) © T1
XI161 = { WORHOL(IZ)%ZETAI -~ VI9S2EYAR ) @ T1
T3 = ( WaT18DROLIIZ)/RHOUIZ) & D2ULIZ) ) % PO
G(1) = T3 = XI10R
G(2) = T3 & XI101
TA = OMEGZ#P0 + PPO
G(3) = X11aR & T4
Gla) = XI141 & T4
G(5) = pPO # XI10R
Gis) = pPO * X1101

6L 71 = XI14R # PP111
Gt 83 = X114l & PP11]
G( 9) = XI1AR & PPIOR
G(10) m X114l # PPLOR
Gt11) = XI1aR & PP1O]
Gt12) = XI141 # PP101

BO 720 1 = 1o 12
ZAPIEIY = ( GI(I) + OLD(I) )2HDZ + ZAPt1Y
OLDIY) = GUI)
¢ TRAPEZOIDAL RULE )

VK1l = XK @ ( T2oRHOL(IZ)/RHOCIZY#(V248DULI2) -~ V3)

+ RHOL(IZ) & (WeT1S@NOLIIZ)1/RHOLIZ)I+DULIZ)

-~ DULIIZ) -~ XKSZETAR)
= UL(IZ)SDROLIIZ) ~ ULIZ)/RHOI1Z)2DROL(12)
~ RMOL(IZ)/RHOCIZ2)%IV22RQBARITEY + V233DUC12)))

VK2 = XK & { T28U(1Z)/RNO{IZI®DROL(12}

+ XKSGAMBRHOL ¢ I2)92ETAL/N)

XIIR = T2/RHOIIZY @ (V23S = V24 ~ V2T - V2B + V29 + VK1)
X111 = T2 & (VK2 + V30!
X[21 = ( GAMSY16 = V16 + DU(IZ) + T2eve )oY
XIB1 = W8ULIZ) - T2/Wewy
Xial » Tiavé &+ 2.08usU(I2)
XISY = { T2eve + DUIIZ)/RHO(IZ) I/¥W

L]

XI2R = XI3R = X[&R » X3 = ©O

IF ( RROT ) GO TO 7a0

AlR = ~R116ROZAP(6) ~ XI1615ZAP(T)

All = XI16ROZAP(T) ~ RI1612ZAPID) + GAMEPOSYSET)
AR o T1/WB{ViIe®VI-V3/RNO(IZ) 1900
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TS = W/UL(IZ) # RHOL(IZ2)/UL(1Z} HYMNS940

T6 = V20%ZETAl - TS#ZETAR HYMNS950

T7 = V20#ZETAR - T5*2ETAlL HYMNS960

T8 = W/RHO(IZ) # | RHOL(IZ} - RHO{IZ)BRHOL(IZ) ) HYMN3970

¢ HYMNS980
[¢] AGR = T1 # [ T@®( ZETAI®ZAP(5) + ZETAR#ZAP(S) ) HYNNS990

1 - RHOL{IZ)2( ZETARSZAP(1) + ZETAI®ZAP(2) ) HYHN6000

2 - T6#ZAP(3) + TT%ZAP(4} ) HYMNS010

3 4+ XT16R#(ZAP( 9)=ZAP(12)) — XI1614{ZAP(111+ZAP(10}) HYMNG020

4 HYMR6030
0 A4l = T1 # ([ T8#( ZETAI®2AP(6) ~ ZETARSZAP(5) ) HYMNGO4O

1 - RHOL(1Z)#( ZETARSZAP(2) - ZETAI®ZAPI1) 1} HYMNSOSO

2 - TT8ZAP(3) - T6#ZAP(4) ) HYMNG6060

3 + XI16R#(ZAP(11)+ZAP(10)) + XI1614{ZAP( 9)-ZAP(12)} HYMNG6OTO

c HYMNS080
T40 T9 = HA # P11l HYHNS090
T10 = HB # P11l HYMN6100

TEMP = ~GAM®WAQBAR(IZ) HYMN6110

0 AIR = AIR + TEMP#(T9+P101) + GAMEPO#(V18+T2¥V5) HYMN6120

1 + XI21#P111 + XI4l#PP1ll HYMNG6130

All w All + TEMP#(T10-PlOR) HYMNG]140

A2R = A2R + V16#(T10~-P1OR) HYMNG150

] A21 = { (VIBST26V3)/RHO(IZ) = V16Z(V3*T2-DUIIZ)} )/WaPO HYMNG160

1 ~V16#(T9+P101} HYMNG6170

0 AAR = A4R + XI1R2Pp + XI4]aPP1OT + X121=P101 HYMNG180

4] A4l = AST + ( XI11-OMEG2#XISI 18P0 - XI31#PPO =~ XI14I1¥PPIOR HYMN6190

1 - XI21#P1OR HYMN620O

¢ HYMNS210
c oy HYMN6220
c HYMNG6230
[« SET UP INTEGRANDS ( SIMPSOM RULE HERE ) HYMR6240
DO 750 1 = 1» 6 HYMNG6250
GL{2#1-1sN0D) = AL(1)8ST HYMN6260

GL{2#] HNOD) = AL{IN&CTY HYMR62T0

AL{I} = 0.0 HYMN6280

750 CONT INUE HYMN6290

C HYMNS300
GO TO (780578057601 NOD HYMNG310

4 HYMN6320
760 DO 770 I = 1y 12 HYMNS330
SLAM(T) = SLAMII) + GL{Tol) + 4408GL(142) + GL(I,3) HYMNG340

[ WEIGHTED SUM FOR THREE ORDIMATES HYMNG3S0
GL{Is1l) ® GL(feD) HYMNG6360

170 CONTINUE HYMME3T0
NOD = 1 HYMNG280

[4 HYMNS390
780 CONTINUE HYMNE400

4 HYMNG6410
C ENDS PRINCIPAL 2-LOOP ABIRSBBINBERBBF ARG HYMNGCH20
C STILL DOING FOR IW HYMNG6430
C HYMNG4AO
< * . HYMNG64 30
C : HYMNGA S0
[ COMPLETE INTEGRATION HYMK64T0
0O 790 I = 1 12 HYMNSH00

SLAM({I) = SLAM{I} & D2/3,0 HYMN6490

790 CONTINUE HYMNG500
IF { LIMIT ) GO TO 800 HYMN6510

C CALCULATE DEFECT ( CONTRIBUTION OF INTEGRALS FROM Z=2C TO Z=2E IMYMNG520
TEMP = 2,0%WsUE HYMNES30

SLAM( 1) = SLAM{ 1) + TEMP#PP11I#(CF~1.0)/0MEG2 HYNNES A0

SLAM( 2) © SLAM( 2} + TEMPWPP11[#SF/OMEG HYMMNG6350

SLAMI 9) = SLAM( 9) + TEMP#PP10I#({F~1.0) /OMEG2 HYHNE560

SLAM(10) = SLAM(10) + TEMP#PP101#SF/OMEG HYMN6STO

SLAM(11) = SLAM({11) - TEMP#*PP10R®(CF-1.,0}/0MEG2 HYMNGS 80

1 ~0o SHWOUER( PSICOZE-CTAB(ID2P)*SF )/OMEG HYMNGS 90

2 + 0e88T2/WSUER! PSISSOZE~-STAB(IDZP)#EF )#SIGN HYMNG6600
SLAM{12) = SLAM(12) - TEMPSPP1ORASF/OMEG HYMNGS10

1 = 0.SHWHUER( PSIHSO2E~STAB(ID2ZP)SSF 15SIGN HYMNG62D

2 + 0c88T2/WHUER( PSI#COZE+CTAB(IDZPI®SF }*OMEG#SIGN HYMNG630

4 HYMNbS640
800 G21R = ANH#SLAM{1) + BNHESLAM(S) + CNHR®SLAM(S) - CNHI®SLAM(TIHYMNGT50
G211 = ANH#SLAM{3)} + BNHASSLAM(T) + CNMHRESLAM(T) + CNHI®SLAM(SIHYMNGT60

DG21R = ANH®SLAM(2) + BNHESLAM(S) + CNHR®#SLAM(S) ~ CNMI®SLAMIBIHYMNGTTO

DG211 = ANHASLAMI4] + BNH#SLAMIS) + CNHR¥SLAM(S) + CNHI#SLAMI6)IHYMNGTSBO

[4 HYMN6T90
[« THE FOLLOWING AVAILABLE BY EQUIVALENCEsseo HYMKG800
< G20R IS SLAM ( 9 HYMM6810
C G201 IS SLam (11) HYMNGB20
C DG20R IS SLAM (10) HYMNGE3O
C DG201 IS SLAM (12) HYMNS8A0
C HYMN6850
C FOR NONZERO OMEGs DIVISION BY OMEG IS IMPLICIT IN ERCONs EICON. HYMNSB6O
[ IARs IAls IBRs IBI ARE TYPE REAL. HYMKSSTO
TEMP = UE # W * ZING(2) HYMK6880

] IAR = HIR -~ DG20R - ERCON#G201 - EICON®G20R HYMNGBSO

1 + 0 ( CI#Y1] - CR®YIR )%W + CR#Y11 ¢ CI®Y1R )#WSUE HYMN6900

0 IAl = H1l - DG201 + ERCON®G20R - EICON#G201! HYMNE910

1 - ( { CR#Y1] + CI®Y1IR )%W + CR®YIR - CI#Y1] )1#WBUE  HYMNS920

IBR = H2R + DG21R + ERCON®G211 + EICON#G21R + TEMP&({ CI~WSCR ) HYMN$930

1Bl = H21 + DG211 - ERCON®G21R + EICON®G21I - TEMPS( CRWHCI ) HYMNO9AO

[ MYMN6950
HTD = IBRe#IBR + IBI#IBI HYMN6960

HTR = { IAR#1BR + IAI#IBI ) / HTD HYMNG69T0

HTI = { TAIRIBR - IAR®*IBI ) 7/ HTD HYMNG980

C HYMNNE990
THTR{IW) = HTR HYMN 7000

THTI{IW} = HTI HYMH7010

c HYMN7020
1F ( «NOTs CKOUT } GO TO B20 HYMNT030

WRITE (65150) HYMNT040
WRITE 16+160) W s+ 1ARs IAI o IBR s 1IBI » ERCONs EICONs HYMNT050

1 G20Re G21Rs DG20Ry DG2I1Rs HIR 9 H2R » CR o HYMNTO60

2 G201s G211+ DG201s DG21Ts HII » HW2I » CI HYMNTOTO

< HYNNTOBO
820 CONTINUE HYMNT 090
C END OF W-LOOP HYMN7100
[4 ® HYMNT110
[4 HYMN7120
KER = N HYMNT7130
XOUT(9) = XNW MYMNT140

[« HYMN7130
IF { HRUN ) GO TO 830 HYMNT160

c HYNNT170
DO 830 IW = 1, NW HYMNT180

XOUT{ 1w+ 9) = WC tIW) HYMNT190
XOUTUIN®39) = THRIIW) HYMNT200
XOUT{IW+69) = THI(IW) HYMNT210

830 CONT INUE "HYMNT220
GO TO 800,240}y KOUT HYMINT230

850 1P ( CHOUT ) CALL PAGE ( 70 Y HYHHNT240
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WRITE (6940) HYMNT290
WRITE (4950) ( WCU{I)e THR{I)s THIUI}s I = 2y MW ) HYMNT260
GO YO 880 HYMNT2TO
[4 HYMNT280
850 DO 360 IW = 1o NW HYMNT290
XOUTLINS 9) = WC (INW) HYMNTS00
XOUT{IWes9) m THTR(IW) NYMNT310
XOUTLIWe69) = THTI(IW) HYMNT220
860 CONT INUE HYMNTS30
GO TO (880+870)» KOUT HYMNTS40
870 IF ( CKOUT ) CALL PAGE ( 70 ) HYMN7T330
MRITE {6e40) HYMNT360
WRITE (6+60) ( WC(I)e THR(I}y THI(I)y THTRIIN, YNTIID), HYMNTSTR
1 I = 1o K ) HYNNTS88
< HYMNT390
880 IF ( «NOTs CKOUT § GO TO 89¢ HYNRTAO00
CALL PAGE ( 70 ) HYNNTSL1O
WRITE (60120) ( ZZ(I3e ULIYe DULI)s UL(IYe RMO(E)s RMOL(I)o HYNNTAZO
1 QBARUI)e ZIPS(I)e ZIPS(I)e I = 14 IDIP ) HYNNTASO

IF ( +NOTs MAUN ) G0 TO 890
CALL PAGE ( 70 ) MYMNTASO
WRITE (645301 HYNNTASO
MRITE (601400 { ZZU13,D2UCTI+DULLIL) oDRHOITT DRGLITIDAITIIoYI(T)s MYMNTATO
1 V2illey 1 = 1y IOZP ) HYNNTASO
4 HYNNTASO
c HYNKTS00
[« HYMNTS10
< MeBe HNTRs HTI ARE FIRAL RESULTS OF TNIS SUBROUTINE WHEN PLACED NYMNT320
[ IN XOUTe  MTRy MTI INCLUDE INJECTOR EFFRCTS, WHILE HRe HI HYNNTS30
< DO NOT, MWENCE 1F SUBROUTINE ODD IS ENTERED WITH HYRs NT1.HYMHTSSO
[ DOD  WILL EXPAND TABLE (BY INTERPOLATIONI» PRINT, HYNNTS SO
< AND RETURM. NYNNTS00
< HYMNTSTO
[+ HYMNT?S00
< HYMNTS®0
290 RETURN NYMNTS 00
EnD HYMNTS10
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SIBFTC HTINT  LISTM94 HYNT
SUBROUTINE DDD(DIMoDOUT +COsNERSERR) HTKT 10

¢ HTNT 20
4 PROGRAM D COMPUTE HTRsHTI + INTERPOLATE 40 POINTS HINT 30
4 20 SEP &7 MODIFIED FOR TABULAR INJECTOR COEFFICIENTS HTNT 80
c HTNT 50
LOGICAL LOGIKsHRUMsTABLR HTNT 60
COMMON /PROLOG/ LOGIK(30} HTNT 70
COMMON /ABCDF s EXTRA(100)s ABLOK(SOC)s A s B » SPACE(3555)s HTHNT $0

1 WIT(17)0 AVNILT)s BVN(IT)SCVRR(IT)s CYNI(1T) HTNT 90
DIMENSION DIN{1)4DOUT{1)+A1133),8{133)90MEGALL) JHRIT1)aMI(1) HTAT 100
1+HTRIB0) sHT1(30) HTRINT (1) sHTTINT(1), OMOGA(Y) HTAT 110
2+DOM(30) HTNT 120
EQUIVALENCE {LOGIK(8) sHRUN) o {LOGIK( 17} s TABLR) HTNT 130
EQUIVALENCE (A{1)sANHY o (A(2) sBNHY»(AL3) sCNHRE) » (AL&) s CHHIM) » HTHT 140
1CAUS ) oGAMMAT s (A6 o XLRN) o (AT7) o XLON) o {AL9) s XNW) 3 {AL10) sOMEGA) » HTNT 130
20A(40) sHRY s (LALTO) sHI} 9 (B(9) 0NN ) s (B(10) +OMGAD 5 {BISL) sHTRINT) 5 HTNT 1860
3(B192)sHTLIINT) » ( OMEGAs DOM ) HTNT 170

c HTNT 180
1" FORMAT { 21HO INPUT TO PROGRAM D // 10X8H GAMNA o F8,4,5X6HLR/N =MTHT 190
1 Fl2e8+ SXGHLT/N = F1248 } HTNT 200

2. FORMAT ( 1BX3HANH12X3HBNH11X6HCNH RE 9XGHCNH IM // 9X &F15.7 // } HINT 210
30 FORMAT ( // 38H INJECTOR DISTRIBUTION COEFFICIENTScos // HTNT 220
117XSHOMEGA 11X3HAKH 12X3HBNH 11X6HCNH RE 9X6MCNH IM // (9XS5F13,7)IHTNT 230

40 FORMAT (1HOs 19X 8HOMEGA(C)s9X3H MRe13X3H HI ) HTNT 240
5t TORMAT [1H0»19X, SHOMEGA(C)>IXIHHTR 13XZHKTI ) nrur 2%0
6C FORMAT(1H »10X¢3F1646) HTNT 260
70 FORMAT (1HO s20H PROGRAM D OUTPUT /7 19X+8HOMEGA(C) 9X HTNT 270
J6H  HTR 510Xe6H HTI /7 } MTNT 280

80 FORMAT (91HOALL VALUES OF HTR ARE NEGATIVE- ( I.Es OUT OF RANGE OPHTHT 290
1INTEREST~ WILL PROCEED TO NEXT CASE)) HTNT 300

S0 FORMAT(//530X»69H  FOLLOWING WILL BE INTERPOLATION WITHIN HTR HTIMTNT 310
1 TABLE GIVEM ABOVE ) HTNT 320
100 FORMAT (19X+BH OMEGA s9X6HHTRINT+10Xs6HHTIINT ) HTNT 330
110 FORMAT {11XsF10,5+10X+F10+3+10Xs81045) HTNT 340
¢ HTNT 350
FRR 0.0 HTNT 360
AR HTNT 370

Lin: DVCHK {KOODEX) HTNT 380

126 0 (30 Ix14133 HTNT 390
atpre SIRCDD HTNT 400

130 B(1)20,0 HTNT 410
NERSIFIX(XNW) HTAT 820
IF{NER) 14091809160 HTNT 430

140 WRITE (6+130)NER HTNT 440
B0 FURMAT (1HD»10X»31H NUMBER OF OMEGAS IN ERROR = ,3Xels ) HTNT 450
GO YO %10 HTRT 460

160 IF(MER=291170+170+140 HTNT 670
170 OMK = 40,0 HTNT 400
I HRUN ) G0 10 190 HTNT 490

KWl e A(B) + 0.01 HTNT 500

IF ( MWD oGTe 2 ) 60 TO 180 HINT 510
ASSIGN 280 TO NT HTNT 520
TABLR = JFALSE. HTNT 830

ANH = AVN (1) HTNT $40

BNH = BV {1) HTNT 356
CNHRE = CVNR(1} HTNT 560
CNHIM & CVNI(1} HTNT 570

GO TO 190 MTNT 580

180 ASSIGN 270 TO WY HTNT 590
TABLR = o TRUE, HINT 600

190 IFICD~9940)2600260+200 HTNT 610
200 CALL PAGE ( 60 ) HTNT 620
WRITE (64310} GAMMAS XLRNs XLOM HTNT 630

IF { HRUN ) 60 70 230 MTNT 640

IF ( TABLR ) 60 10 210 HTNT 630
WRITE (6+20) ANHo BNHa CNHREs CNMIM HTNT 660

GO 1O 220 HINT 670

210 WRITE {6+30) ( WIT(I}s AVN(Ils BYN(I}e CVNRII}, CVNIlI}s HTNT 880
1 I = 1o NWL ) HINT 690
220 WRITE (6540) HTNT 700
GO TO 240 WTNT T10

230 WRITE 16450) HTNT 720
240 DO 250 | 3 1,NER HTHT 730
250 WRITE (6960)0MEGA{T) oHR(T}JHI(1} HTNT 740
c HTNT 750
260 IF ( HRUN ) GO TO 3%0 HTNT 760
DO 340 I=1sNER HINT 770

¥ = OMEGA(I) HTNT 780

GO TO NT+(270+280) HTNT 790

270 CALL  INT4 { WIT, AVN 5 Wy ANH ) HTINT 800
CALL INT& [ WITs BYN s Wy BNH ) HTNT 810
CALL INTA ( WITo CVNRs We CNHRE } HTNT 820
CALL INT& ( WITs CVNls Wy CNHIM ) HTNT 830

280 DEN = GAMMA®Y HTNT 840
X = ANH — CNHIM/DEMEXLON HTNT 880

Y = 8NH / DEN # XLRN + CNHRE ® XLON / DEN HTNT 860

S5GD = X # X + ¥ # Y HTNT 870
HTRII) = (X & HRCI) + Y # HI(I) 3 /SQD MTNT 880
HTI(I) = (X & HI{I) - Y & HR(I} )} 7 sQp MTNT 890
CALL DVCHK (KOOOFX) HTNT 900

GO YO (31065290} »K00OFX HINT 910

290 IF (CD=10401 3403005300 HTAT 920
300 IF (1=1) 330+320+330 HTNT 930
310 C=1040 HTNT 940
320 LINSNER+S HTNT 950
CALL PAGE (LIN) HTNT 960
WRITE (6+70) HTNT 970

330 WRITE (6+60)DOM(T)sHTRITIISHTICT) HTKT 980
340 CONTINUE HTNT 990
6o TO 370 HTNT1000

c HTNT1010
350 DO 380 I = 1.MER HTNT1020
HTI(T) = HED) HTHT1030

360 HTR(T) = HR(T) HTAT1040
370 JOMEG) = O HTHT1050
JOMEG220 HT®T1060

1F ( CD oLEs 9940 3 CALL PAGE (80) HTNT106%

DO 390 1 s1.HER HINT1070

IF (HTR(IY) 3904390380 HTNT1080

380 JOMEGY = I HTNT1090
GO TO 410 HTNT1100

390 CONTINUE HTNT1110
IF (JOMEG1)40004000410 HTAT1120

400 WRITE (6+80) HTHT1130
ERRs 1.8 HTNT1140

60 TO 320 HTNT1190
410 DO 430 J =T.MER MTNT1180
1P (MTR(J)) 82004300430 HTNT1170

420 JOMEG2 = J HTRT1120
GO TO 540 HTRT1190
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430 CONTINUE HINTI200
JOMEGZ oNER MTNY1210
440 DLYMEG » (DOM(JOMESR) ~DOM(JOMEGLIE)/ 3940 HINT1220
LENERe] - HINT1230
WI1tL1eD.0 HINT1240
NTR(L)»040 WTNT1280
DOMIL 19040 HTRT1260
OMBA{1) =DOM(JOMEG]) HTNT12T0
DO ARD 1=14a0 NTNT1I280
CALL TNTA {DOMIT1IIMTRITY JOMSACTsNTRINT(I) 3 HINT1I290
CALL INTA (BOM(1)oHTI(1)+OMBALT) JNTIINTILY 3 HTHT1300
17 1CD=10+0)480:450,A%0 HINTISLO
450 IF ( 1=1 ) ATOAGD4TO HTNTIS20
480 IF ( «NOTo WRUN ) CALL PAGE ( &0 ) MTNT1930
WRITE (6490} HTNTI340
"WRITE (&e100) HINT1380
70 WRITE (6060) OMGALI)JHTRINTII)+HTIIAT(I) WINTIS60
480 OMGA(I#L) » OMGAIL) & DLYMES NTNTIS70
A90 CONTINUE NTNT1380
00 500 I1#1,13% HINT1390
500 DOUT (1) » B(I) HINT1AGO
TE(C) 51048204510 HINTIALG
810 NER=O MINT1620
820 RETURN NTHT1430
END HINT1040
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® GLAUZ - ADAMS METHOD OF INTEGRATION
# FAP TO MAP CONVERSION HAZLETTs DEC 1963 o FORTRAN 4 PATTERSON JULY 64

ANMEFT

ADMRES
BP20

n

CA

an

BP1Y
BP18
ADMINT

8z

BP2

(24
8F

X
H

COME

CF
B

L6
LM
cM

R4
IR2
IR1

ADNIOR

ba
caQ

LF

ENTRY
ENTRY
ENTRY
ENTRY
ENTRY
SAVE
CLA®
STA
ALS
STA
ADD#
STA
ADD
ADD
STA
LA
ADD#
sTa
aa
ADD%
STA
CLA
ADD*»
STA
CLA
ADD®
STA
ADD#
STA
ADD#
STA
ADD*
SYA
CLA
STA
L)
v T
{LA
ADD#
STA
TRA
SAVE
512
$TZ
LXA
CaL
~ A
™
CLA
ADD
3 1]
TIix
LXA
sTZ#
TIX
AXT
SXD
CLA
TNZ
RETURN
RETURN
PZE
SAVE
CLA
TNZ
RETURN
AXT
CLA*
S$T0
TIX
AXT
SXA
T5e
LA
FAD
ST0%
RETURN
SXA
SXA
SXA
LXA
AXT
AXT
572
LDG
FMP
FaD
§TO
™1
TIX
AXT
Lba
FMP %
FAD
LRS
FMP#
570
FAD#*
sTO=
Tix
AXT
AXT
AXT
TRA
SAVE
CLA
T
sTD
LxXa
CLA®
570
TIX
AXT
s£xa
T8X
LXA&
CAL
ANA

ADMSET
ADMINT
ADMCOR
ADMPAR
ADMRES
1

344

:24

2

BP18 SAVE &Ny

304

CF

Tet
BP18
<C
494
EXT)

LF

504
394
LD
694
3eb
<P

124
304
LG

34

CA

s
(4.3

3ok
ce
LT

cx

94
CH
10s4
344
<o
RP20

1

BP18
FLAG
BZs4
+ah
0377000000000
*+2
=0152000000000
=0022000000000
+okh
CDsssl
CFsl
cC
BPelsl
591
CNTs1
BP18
BP19
ADMRES
ADMSET

FLAG

BZ
ADMINT
+e8

LF

ol
BP2s4sl
COEFPs&
COv4
COMP 24
+

+

cxX
ADMINT
IR1,1
IR?2+?
R4 4
BZs4
+ol

592
TEMP
+s1

+42
TEMP
TEMP
BP3e¢1s-1
CCe2s1
02

+

LY
0377000000000

N TO ADD OF BZ

4N
SET FLAG FOR RETURN
+N
SN
PUT IN

PUT IN DIFF TABLE LOC
F FUNCTION LOCATION
+N
FUNCTION VALUE LOC
DERIV LOC
+N
DERIV VALUE LOC
PARTIAL STEP LOC
+N
PARTIAL STEP LOC

+N
TEST VALUE 1L0C. Ts+4 WAS PUT IN
+N

ACCURACY EXPONENT LOC
+N
OLD FCNa LOCa

X L0C

H L0C

+N
ACCURACY INPUT TABLE

+N
ACCURACY INPUT4

TEST FOR 0 ACCURACY INPUT
ACCURACY SET= +152

ACCURACY EXPONET 4

+5N
DIFF TABLE,?

+N
FUNCTION»&
OLD FUNCTION,4

PRED TABLE LOC

X

H
STORE 1IN X

N TO IN &
5N N1

DIFF TABLEs]
COEFs2

NEXT OIFF
NEXT COEF

DERIVsa
COEF»2

H

TEST VALUE
OLD FUNCTION
FUNCTIONs&
NEXT EQUATION

0 TO DECR TT

N IN &

TEST VALUE»&
PREDICTOR TEST VALUE,.S

CORRECTOR TABLE LOC

M TO I8 &
FUNCTIONs&
KEEP EXP ONLY
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#ADMOOL10
#ADM0020
SADMG030
*ADMO040
#ADMOOS0
SADHOO60
*ADMOOTO
#ADMO080
#ADMO0O90
“ADMO100
#ADMO110
#ADMO0120
*ADMO130
#ADMO140
®ADMO1 50
#ADMO160
#ADMO170
#ADMO180
#ADMO190
#ADMO 200
#ADMO210
2ADM0220
#ADM0230
#ADMO240
#ADM0250
SADM0260
*ADMO270
*ADM0280
*ADM0290
#ADMO03 00
#ADMO310
SADMO320
#ADMO330
#ADMO340
*ADMO3 50
#ADMO360
#ADMO370
#ADMO380
#ADM0390
#ADMO& 00
#ADMOA10
#ADMO0420
#ADMO430
SADMOL &0
#ADMO4 50
#ADMOL 60
*ADMOAT0
#ADMOABO
#ADMO490
S#ADMOS5 00
#ADMOS510
*ADMO520
#ADMOS30
*ADMO540
*ADMO% 50
#ADMOS5 60
SADMOS 70
*ADMO580
#ADMOS590
®ADMO6 00
#ADMO610
#ADMO620
#ADM0O630
#ADMO6 40
*ADMO&50
*ADMOS S0
2ADMOSTO
*ADMOGS8O
*ADMOS90
#ADMO 700
#ADMOT10
*ADMOT20
#ADMO730
#ADMO740
*ADMOTS0
*ADMOT60
#ADMO770
#ADMO780
#ADMOT90
#ADMOS800
*ADMOA10
*ANDMOB20
*ADMOB30
#ADMOB A0
2ADMOBS50
#ADMOSE0
#ADMOBT0
#*ADMOB80
*ADMOB90O
*ADM0O900
#ADMO910
#ADMO920
SADM0O930
*ADMO940
#ADM0O930
2ADMO960
#ADMO970
*ADMO980
*ADM0990
*#ADH1000
#ADM1010
SADM1020
*ADM1030
#ADM1060
SADM1050
#ADM1060
#ADM1070
#ADM1080
*ADM] 090
“ADM1100
#ADM1110
2ADMY1120
*ADM1130
#ADM1140
#ADM1130
*ADM1160
#ADM1170
*ADM1160
*ADH1190
2ADM1200
2ADM1210
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syB =0002008000000 suIrY EXP ©ADM1220

ugu Le oo TEST VALUES @ADM1230

UFSe [<-} DEL YC ~ DEL YP *ADM1 240

sSSP aADM1250

UrAS CA *ADHL260

ANA =0000777T7TTITTS DOUBLING TRST 0 DOUBLE SABNLIETO

T2 A aADN12680

SXD TVep MO DOUSLE FLAS OVER © *ADRL2P0

SPA  ANA 0000777777600 HAVING TESY O N0 MALVE #ADM1300
™Z HALY NO 28RO MALVE *ADN1S1O

DE Tix LFeasl “ADM1320
LXA [ 2323 - SADIMLIS30

LXo CNTo3 SABM13A0

XL 8P5,1,00 *AQN1SSD

] B8P6e1s-1 RESUCE CRY BY ) SABML$60

B8P6  SXD CHTel SAPDNI TS
8PS LXA CFa) N *ADN1368
LP AXY S92 SABMI 90
LoGs Lo SENIVea SADM1600

CPR CLS® cC DIPY TABLESL SADM1ALO
sTO. [<4 DIFF TABLE.Y PADM1420

FAD® (<4 SADM1430

LRS 35 SADM1640

CNT  TXM B8PTs24¢ SADM1480
Loe coerp [ SADN1460

8PT TXI 0P8, 14=1 NEXT atPP ABNIATS
8Py TIX CPRy241 BADM1I4S0
X [X ST T3 SADMIASO

T ™ QUTsbe¢ a8 QLERO DOUNLE *ADN1S 80
AXY TOBL S *ABMIS10

SXA TYop aADMIS20

TSX MAT 24 oADNK1530

LOGe CH L] SADM1540

L ld THAL+Y 240 SADM15 50

$T0e CH " SADM1560

our RETURN  ADNCOR SADNISTO
HALV  AXT THAL »4 HAVING TABLE *ADM1380
SXA TYeh *ADM1390

sX MAT oA *ADM1600

CLA® X X *ADM1610

Fsne CH H *ADM1620

STO® <X X BACRED UP SADN1I630

LDO® [« ] ] SADN1640

e ™e % SADMI 630

STOS CH HEW W SADM1660

78X I1R2+4 RESTORE IN1,1R2 DESTROYED 8Y WAY SADM1670

TRA [ SADM1600

FIRSY GTL FLAS FLAG DY = IERO SAaN1690
SEA IRIF1 *ADMI T80

LXA 2.4 [ ) *ADN1T10

LXA CcFyl " ®ADM1IT2O

BP0 LLA® Lo DERLV 4 ADM1730
ST0® [<4 OIFF TABLE.L SADM1740

>3 #4191veS SADM1730

8P TIX 8P10e401 *APHLI 760
IRIF AXY 491 SMMN1TTO
TRA 8z SADM1T780

MAT  LXA CPo2 LL] SADM1790
SXA TRAM o SADM1800

™ AXY LIS L) *AON1010
AXY 942 * [ 820

v X0 Tusa STORE InA INSNIPY LOC shplnsie
=1 BPIlele~1 MOVE PAST Y OR PAST DIFF,. SADM1840

Py STZ TENS SADM18%0
™ LD cC DIPF YABLEsL *ADM1860
Y e 92 MAT CORFR «ABNIETO
FA® TE00 sAPM1800

sY0 TN SADM1890

™ aP12414-1 MOWE TO NEXT OIFP *ADM1900

ar12 TX! B8P14020~1 nOovE TO MEXY CORP #ADM1910
8P14 TIX TXobel $0 FOR MORE TEANS SADM1920
™w =t TZelse MBVE QACK T@ ORIG DIFF SADN1930
12 $T0% (<4 DIPF TABLESL SADM] 940
LX0 TUsa #ADN1950

TiX TVeael *ADM1960

Tix THa121 MOVE TO Y TEAM OR ALL THROUSH sADN1970

IRAN  AXT 494 SAGM1980
TRA 108 2ADN1990
ADMPAR SAVE SADN2000
XA 12,2 *ADN2O10

SXA 1RY,1 BADM2020

CLA® . 358 SADM2030

FSpe (<] XPax SADM2040

FOPe cH APeX /N P SADM2050

570 TENPA~S P 10 TRNPA-S BADM2660

sT2 TEMPA 2ADM2070

. AXY —-Reh GENERATE POWERS OF P SADM2080
s8P16 FP TENPA-S *ADM2090
sTO TEMPB=A o4 *ADM2100

LRS 33 SABM2IL0

XY OP1S o401 SADM2120

BFYIS  TXH BP16¢490 “ADMZ130
AXT Ss1 PADM2140

AXT CPPos #ADN2190

$XA TXeh *ADNZ160

sXa TZe4 SADMRITO

AXT TPBL oA 2ADMN2180

SXA 1Yo aADN2190

sx MATS1 o2 AVOIDS 3% TO INl +ADM2200

AXT CCrb SADM2210

SXA TXs6 ADM2220

SXA T2et *ADMR230

AXT “ 11 SADN22A0

AXT 892 ©ADN2250

cPP CLA TEMSB41 51 2ADM2260
$70 TEMPA,2 HADM2270

™1 BP17s301 SADM2280

BPIT  TIX CPPeRo) SADMR290
AXT TENPA & 2A0N2I00

S$XA [<- 773 2ADM2910

AXY LFob €ADM2320

SXA CCMes 2ADM2I30

AXY CPos 2ADK2340

SXA [< 173 #ADN2330

X COMPe2 b 2ADN2380

ANY Lok 2ADN23TO

SHA CMoh 2ADM2980

AXT Chob SADN2990

SXA CCMob SADN24DO
RETURN  ADMPAR SADNINL10

P 1444 (173 BADNBE20
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FLAG PZE *ADM2430
DEC 1, 1 SADM2440

DEC 5 172 SADM24 50

ocT 177652525253 041660666667 5/12 *ADM2440

DEC #3758 3/8 *ADM2470

ocy 177584764477 23486111111 251/720 #ADM2480

COEFP DEC Oe *ADM2490
ocY 200513405541 2631388889 469/720 #ADM2500

ocT 176466026603 151388889 109/720 *ADM2510

DEC 00680555556 49/720 4ADM2520

ocr 1736602686027 20263808889 19/720 *ADM2530

DEC 0o +00 *ADM2540

COEFC OCT 177544764477 0363611111 251/720 *ADM2%50
DEC 200833333333 6/720 #ADM2560

DEC «0625% 457720 =1/16 *ADM2570

DEC «1%2777778 1107720 *ADM2580

[+[.14 123 90/720 =1/8 *ADM2590

DEC +04166668867 1/2a4 #ADM2600

NEC 21666666687 1/6 *ADM2610

DEC + 166866667 176 SADM2620

DEC 2166666667 1/6 *ADM2630

DEC 25 174 *ADM2640

TPBL DEC 5 *ADM2650
DEC «12% #ADM2660

DEC 0625 *ADM2670

DEC 0390623 *ADM2680

DEC 2% #ADM2690

DEC 0125 *ADMZ700

DEC e0T8125 *ADM2710

DEC a12% BANM2720

DEC + 09278 #ADM2730

THAL DEC 2062% #ADM2740
DEC 20 *ADM2750

DEC =le #ADM2760

bEC o *ADM2770

DEC 0 *ADM2780

DEC L *ADM2790

DEC —he *ADM2800

DEC le #ADM2810

DEC 8. #ADM2820

DEC =126 *ADM2830

TDBL DEC 16, #ADM2840
TEMP BSS 11 #ADM2850
TEMPA SYN TEMP4+6 #AOM2860
TEMPB SYN TEMP+10 #ADM2870Q
END #ADM2880
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SIAFTC NOIMIT LIST M4 NOZM
SUBROUTINE CCC(DINsDOUT sWC+CODERERY NOZM ;g
NOZM

<

Cesens THIS PROGRAM WAS WRITTEN FROM A REPORT ON NOZZLE ADMITTANCESssasenNOZM 30
Cowaue THEORY FROM PRINCETON UNIVERSITY. THE ANALYSIS WAS DORE BY@saassnNOZM 40
Connue CARL LUNDELIUS AND THE PROGRAMMING BY - JERRY HOWARDJOB 50S28#88#8NOIM 30

CHRRBDBABREBNS NOZM 60

[4 NOZMIT MODIFIED 25 JUL 67 TO SUPPLY CR1,CI1 IN PLACE OF BR1:B11s l:g:: zg
Canan A

NOZM 90

LOGICAL LOGIKe SL1» SL2, EORJ NOZM 100

COMMON- /ARCDF/ EXTRA(160)o ABLOKIG600) HOZM 110

1 s XX * U2TBL o DESIRE » RAT s RAC s RCC HOZM 120

2 s RCY *» ALFA 2 G * KN o Y o YP NOZM 130

3 s  YOUT s TEMP s E o XTABLE o YTABLE » A NOZM 140

& » R s AM +» AP o AP ® o AMM NOZM 180

5 s AMP2. o CALFA s CTALFA o DELAM o DELTZ » FKN NOZM 160

6 » 61 » G2 * 63 s Ga s JPLAGL » 1 HOZM 170

7 s K » NN s P1 + PROD s RSTAL » RSTA2 NOZM 180

8 o SALFA » T1 T2 + T8 s XINT o+ XK HOZM 190

9 s 221 * 222 s 123 2 Al » ASC o ABD ROIM 200

COMMON  7ABCDF/ NOZM 210

1 Al s ALPHAD » ALPHAR » AR1 ¢ 8101 + BlO2 NOZIM 220

2 s+ B1O » B1 s B2 s 83 s B4 * ®OZM 230

3 r B6 *+ B7 + B8 s 891 » 892 *+ BY NOZM 240

4 » BI1 + BR1 o C2 s €9 o CHIT o CHIR MO2M 2850

3 + €1 ¢ CRY » € » D10 ¢ D11 s D1 NOZIM 260

& s D2 s D3 s D& + DS s 06 » D7 NOZM 270

7 + DS + D9 s DC2 ' D s DU2 s EI NOZM 280

8 + ER » F31 » IR s F1 s FR s W1 NOZIM 290

9 * H s 1 ° 19O s IW o WY s J HOZM 300

COMMON  /ABCDF/ HOIM 310

1 MDESIR » NK s NP ° 82 O] + TY NOZM 320

2 v U2 s U s W2 ' ¥ o X101 » XIOR NOZM 330

3 s XI2T o XI2R o X% » XJ1 » XJR s XMNEW NOZIM 340

[ » XMOLD o XNEW o XOLD » XPT » X e 21 NOZK 350

L] s IR 00IN 360

COMMOM /PROLOG/ LOGIK(30)s SL1s SL2» EORYS noZM 370

¢ NOZM 380

DIMENSION XX(200)sU2TBL(200)sXTABLE(200) »YTABLE(200)+22(200) NOZM 390

DIMENSION YI(B)oYP({B)sYOUT(8) oTEMP(T2)+E(S) MOZM 400

DIMENSION A(200)¢R(200)+AM(200)+AP(200) sANP(200) NOIM 410

DIMENSION DIN(1}s DOUTIL1)oWC(L) NOZM 420

C NOIM 430

[« * # NOZM &40

[4 NOZM AS0

c NOZM 460

NER » O NOIM 470

C SRRBBBADONE NOZM 480

C READ INPUTS NOZNM 490

C RaREnesnRes NOZM 500

G = DINY) NOZM 510

MNOMEGWC (214240001 NOIM 520

HOESIR = DINI2) + ,0001 NOZN 330

GLO=.3#(G1.0)8SART(DINIAISDINIT)) NOZM 340

IF  (CODE) 10920430 NOIM 530

10 NER = 1 NOZM 560

20 RETURN NOZM 370

30 IF(NC(1))140+504+40 NO2M 580

A0 WCONST=DOUT(3)/16.,2831853%DOUT(1)) NOZM 890

GEO=GEO/DOUT(1) MOZM 600

40 70 &0 . NOIM 610

50 WCONST=DOUT(3)/(6.2831853#D0UT(21} NOZM 620

GEOeSEQ/DOUT (2) NOZM 630

60 TF(CODE=99.0)1009100+70 NOZM 640

C S-SR NSNS NOIM 630

C PRINT OUT INPUTH NOZM 660

C SRRNBORBISRINDES - NOZM 670

T0 CALL PAGE(S). NOZM 680

WRITE (6480} ROZM 690

80 FORMAT (1HO¢75H PROGRAM C INPUT - CALCULATES NOZZLE ADMITTANCE MNOZIM 700

1COEFFICIENTS USING 8052 ) noZ® 710

WRITE (6+90)Ge MDESIR WOZM 720

90 FORMAT (1HOSXe3HE =oF9,3s11M o MDESIR =12 ) NOZM 730

100 CONTINUE HOZX 740

C Sen & NOZM 750

C MDESIR=1oINPUT TABLE,INPUT DESIRE MDESIR®2,CALCULATE TABLE,INPUT® NOZM 760

C DESIRE MOESIR»S$9CALCULATE TABLECALCULATE DESIRE (AT LAST POIKT)# NOZM T70

[+ NOZM 780

GO TO (150+1100110)+MDESIR NOZM T90

110 RAT = DIN(4&) HOZH 900

RAC s DIN(S) NOZM 810

RCC = DIN(S) HOZM 820

/CT s DINITY HOZM 830

ALFA = DIN(®)Y HOZM B840

(3] = DIN(®) + L0001 MOZM 850

1F (CODE ~- 99,0} 14041405120 NOZN 860

120 CALL PAGE (1) NOZM 870

WRITE (60130)RAT» RACs RCCo RCY» ALFAs XA NOZHM 280

130 FORMAT (11 +3XSMRAT 50FT7e398HoRAC =oFTeBs8MHsRCC ©9FTo3:6HoRCT =s NHOZW 890

1 F7030 THeALFA = F7.305HeKN = 14 ) HOZH 900

140 CONTINUE MOZM 910

CALL TBLCAL NOZM 920

KM = KN/2 4 1 HOZM 930

G0 TO 190 NOZM 940

< KOZM 950

C READ VELOCITY POTENTIAL TABLE. FIRST POINT IS (Ool)s NOZM 960

C ROIN 970

1%0 J = 10 HOZM 980

DO 170 1 = 10200 NOIM 990

1=1 NOZM1000

XX(I} a DIR(Y) NOZM1010

U2TBL(I} = DIR(SI1Y NOZM1020

J = Je2 NOZM1030

IF (1) 17001700160 NOZM1040

160 1F ¢ XXtI) ) 170:1800180 NOZM1050

170 COMTINUE NOZK1060

c ROZM1070

C KN = COUNT DF TOTAL WO, OF POINTS IN THE TABLE.® NOZM1080

< pd KOZK1090

180 XK = | « } HOZM1100

190 1FICODE=~19%.0)24002600200 wO2ZM1110

200 CALL PAGE(70) HO2M1120

WRITE (60220) NOZM1120

KRRN=KM/ 241 ROZM1140

DD 2310 Il oKKKRE NOZM1150

KKKaRRKH+{ ®OZM1140

VOL1=3ORT(U2TBL(T)) #02M1170

VOL2eSORT(U2TBL (RXK)) #O2M1180

WRITE (6230180220291 =5)sRRITIoVOLY IRRKoIR(ONRK=1) o RRIRKK ) oVOLE #HO2M1190

210 CORTINUE %0Z11200
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220 FORMAY(//940Xs 25HVELOCITY POTENTIAL TABLE +//35X, AGHZ = AXIAL PNOZM1210

iOSITION IN NOZZLE (INCHES) 3/7935X939HN = VELOCITY POYENNOZM1220
PTIAL (NONDIMENSIONAL) s/935Xs 69HV = AXIAL VELOCITY (UNDIMENSIONALNOZM1230
_tZED wY SPEED OF SOUND AT THROAY) NOZM1240

B 9/705XeSHPOINT p11Xe1HZs16X s IHX s 13X s 1HV # 16X 9 SHPOINT 911X e1HZ 016X 9 1HNOZM1230
SX916Xe1HVe/ /) NOZM1260
230 Fomnlsx-ls-sxa(nz.s.;x;vax-ls'ex.ztnz-h!x)-512.5-) NOZM1270
240 CONTINUE NOZM1280
er . » NOZM1290
SE LROER OF TABLE VALUES AND SET UP FOR INT4D#® NOZM1300

K w NeY NOZM1310
TABLE Lik) = 000 NOIM1320
TABLE (MK) = 0,0 NOZM1330

9 269 § & TeKN NOZM1340

K 8 NK - 1 HOZM1350
ATABLE(1) = XX{NK) NOZM1360
YTABLE(I) = U2TBL(NK) NOZN1370
266 SONTINUE NOZM1380
NOZM1390

ARRGRABORERBTHBRRBY NOIM1400

MWE ASE AT A TIMES NOZIM1410

rz g CEN FHBENERRNER Noznl‘jo

cH4W - Al0 NOZM1430

0 v 2 NOZM1440

» w IN(3) + 20002 NO2ZM1450

. L LODE - 99,0} 29042904270 NOZM1460

R W e NOZM1&TO

4 * N+ 409 NOZIM1480

aALL et (NBR) NOIM1490

Aty 830t DINCIYe 1 = 410, NPT ) NOZIM1%00

QR L1638 39Re BXekM  WN912Xs6H(SNHINI 10X +4H DES 7/ MOZM1510
i40X93E1606 )) NOIM1520

k., TN NOZM1530

SF L E = 960) 34093405310 NOZM1540
P 4 ARETSEISRERBBRSABHEE Noznugo

He 7 ANE SUTPUY SYMBOLSY NOZM1560

[ 2 24 L X3 AIDBXDEDRL ARG ml"ls']o

LYRY Llai NOZIM1580

LN NOZM1590

o NOZM1600

it 223, NOIM1610

A2l ., #Dy o7 FROGRAM € OUTPUT ) NOZM1620
RYIFE 15:390) NOZIM1630

330 UMxl 774X BHISNHIC » SX2HWC 26X s THMACH NO99X»2HARS 14X s 2HA T 14X 2 2HBREOZM1640
IR HTL G RAX s ZHCS 18NS 2HCT/AX o SHISNH INs SX2HWN » 9X 9 1HG o X 2 1 3H-AR/ {MNOZM1650

CH % ioaiir AT {MACH NOI»9Xe2HT1 914X s2MT2+8Xs13H-CR/ {MACH NO) +»3INOZM1650

S CUILNRCH NDY//) NOZM1670
a7 EMUF NOIM1680
R B NOIM1690

' NOZM1T00

i NOZM1T10
13601+ MDESIR KOZM1720
w I IWWe2) NOZM1T30

E ' NOZM1T40
NOZM17%0

WA el NOZM1760
SN opLn MOZM1T7TO

‘ NOZM1780
NOZM1790
NOIM1800
NOZM1810
i1 NOZM1820
- NOZM1830
v NOZM18640
Ty NOZM10S50
- NOZIN1860

. GEL 2. e RSN OREBEIRENS [
. xc? “ &GUATIONS AT XwOaw
A B DANER B ARERDDERRERERNRRRS

el NOZM1910
NOZM1920

€7 A aYPULFoYOUT(I) o TEMP (1) oXoMeEC] ) NOZM1930
-2 NOZM1940
NOZM1950

RSN T A RS P 1L ¥ NOZIM1960
B NOZM1970
BN 82 ) ~W2%(G~1401) /86 NOZM1960
33 TuD42.,08(N2-52})/B8 NOZM1990
WiSW2) =AY BBAR(]O~ALRWI+ 1258 (G2~),0)R(W2~52) NOZM2000
PTeEANEB) 42, 00AI WERTRRS NOZM2010
N NOZM2020
Il SHERTEBOC (ATIRATOAT4N2 ) 401250 1G~1,0)#WR (A1SA]~52 1NOZM2030
BERE S PrBT-B08BEI+2.0FALNALNRTHBS NOZM2040
EERIT2: AT PR N1 S NOZM2050
HOIM2060

-~ NOZM2070
Py NOZM2080

: NOZM2090
NOZM2100

NOZM2110

NOZM2120

NOZM2130

NOZM2140

NOZM2150

Y NOZM2160
TtRms G adei) /BTN NOZM2170
NOZM21680
[ NOZM2190

St NOZM2200

CLami Bl G iR {0 a 012 EC2%03) NOZM2210
YP(‘II-ﬁ'(GOIoO)/(CZ‘Cil NOZM2220
”"l§ 1.0t 81G+Ya018852RC25¥(1,0/{G~1.011/14,02C3) NOIM2230

- "W<"#1-OI“SZ'CZ"(I-OIlG*loO)|/C3 NOIM2240

NOZM22%0

G hod NOZM2260

B0 CALL ADMINY NOZM2270
B N e T » NOZM2280
. FSOCHY I AL TaBLE® NOZM2290

NO2ZM2300
T AL G ) YTABLE(T ) sX0u2DU2) NOZM2310
ERENES L3 PY-1] NOZM2%320
L NOZM2330
NOZM2340
BERECL VR 5 1 4 NOZIM2350
A hbtibeid NOIM2360
coet b RYFARE EOUATIONS 7 AMD @ UNTIL PAST® NOZM2370
CABREA S BN BN RBER L NOZM2360
BT TS BN 91 NOZM2390
SR L BekiE NOZN2400
B Ly 1 HOZM2810
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83aWsy2
B4mo288(W2-URC24#{G/({G=140))1%452)
855,258 {G~1,0) %U2RDU2W}/C2

ABD=Y{7)8Y(T)~Y( 8)8#Y( B)
YPLT)=(B28Y(7)-B3%Y( 8)-B4)/B1=ABD
YP( Bi=(B3NY(T)+B24Y( G)*B5l/ll-2.0'7‘7)'¥l [}

410 YP(1)=a38(DU2-4#Y(2)/U2)

YP{2)wo58WaY (1) /U2

Dle=Y{318Y(TI+Y(4)4(Y{ 8)-WH{o58/U242:0/11G+1:0)%11:0-U2))))
D22528C282(1,0/1G~1.011#Y(2})/(2,08%4U)
D3=(~WaY(2)/U24DU2%(1.04(G-1,012Y(1)/C2))/(2:0%C2)
YP{3)sD1+D2+D3

Daw=Y(4)8Y{T)~Y{3)0(Y({ §)~H&(8/U2+2:0/11G+1.012(1.0-U2))})
DS=-S2RC208(1,0/(G=1,01)8U8{(10-U21/12,0%U2)4Y(1)/U2)/(2.0%H)
D6=IWRY (1) /U24DU2#(G~1,009Y(2) /C21/1200%C2}

YP(4)0DAIDS+D6

D7=S28C298(1,0/(G=1:0))17/(4,0%U)=-Y{5318Y(7)
DO=Y{6)IR{Y( 8)~HA{,3/U242,0/((G+1:0)28(1.0-U2)1))
YP(5)1=DT+D8

ABC==Y(6)2Y(T)
YP(S)mABC=Y{S)8(Y( B8)~HP(s3/U242:0/(1621,01%(1:0~U2)1)}

CALL ADMCOR

420 XMMEWeU/C

XNEW=X
IF(XMNEW-DESIRE 1430+500+440

IF QUR CALCULATED MACH NUMBER 1S CLOSE ENOUGH TO DESIRE WE wILL STOP

430 IF(ABS (XMNEW-DESIRE)~]1,E~5)500:3000470
440 1F (XM=XXEKM) I420024505460
430 XNEW = XX{KN}

GO TO 500

460 XMOLD = XMNEW

XOLDeXNEW
GO TO 380

PASSED DESIRED MACH NUMBER
LINEAI lﬂYER’OLATXON 70 GET X CORRESPONDING TO DES]IED HACH'

70 XPY:XOLD#(XNEH-XOLD)I(XNNEH-XNOLD)'(DESIRE-XHOLD’

XNEW = XPT

CALL INTA{XTABLE(L) +YTABLE{1) s XNEWSU2)
C2 = ¢5%(6+1,0-U2#({G~1.,0)}

€ = SQRTIC2)

U = SORT(U2)

XMNEW = U/C

I = T4}
1F({1-151430,480+480

480 WRITE (6+490)

A90 FORMAT{T2HO ITERATION- SCHEME DOES MOT CONVERGE AFTER 10 IY!RAYIOISRO:HSOIO
ER}

500

1s SEE PROGRANMM
CALL ADMPAR{XNEW}

COMPUTE ADMITTANCE COEFFICIENTS AMD PRINT FINAL RESULTS#

510 CALL INTAD (XTABLE(1)sYTABLE(1)+XNEWSU2+DU2)

520

530

540
550

C2me5#{G+140-U28(G~100)1}
CsSQRT(C2Y
U=SORT (U2)

DC22~,%%{G=-140)2DU2
DsSORT(240/(G+120) 1 BURC2/({C2/1e52(G+1:0)))88(10%6/(G~10)})
D9e(]40-U212(64+1.0)

F3R=YOUTI1)/C2

F31eYOUY(2)/C2

X12R©2.08YOUT(3)/09

X121%2,04Y0UT(4) /D9

X10R=2,08YOUT(3)/D9

X10122,02Y0UT(8)/D9

ZRaYOUTLT)

ZI=YOUT( 8)

ER=C2#X10R-ZR

E1aC2#X101-21

FRaU2#C28X 10R-ZR#U2

FlaU2#C2eX[01~2182-,34Y

D10=FRAFR4FIFT

AR1= D#(EReFR+EI=F1)/D10

All= D®{EI#FR~-ER®F1)/D10

1F(513409330+540
GLoWRC29SARTIU/(C285(1.07(G~1.0011)

GO To 530

G1aeC28SART (U/(C28%(10/(G-101)1}/S

BR1= G1#{~-FRa2XI10I+FI*XI0R)/D10

B8I1s Gl#{FRax10R+FIaX101}/D10
H1=2URC2RSORT(240/(G+1401)
XJReFIRGZIR~FITALI+o532(100-U2)2X1OR+.S8WEXI2T
XJI=F318ZRAFIRSLI+o54(100-U2) 28X 101~ 34WEX1I2R
CR1 = MI3(XJURFFR+XJI2F1}/D10

CI1 = H12(XJISFR-XJR#F1) /D10

ALPHAR = =AR1/DESIRE
ALPHAT = ~Al11/DESIRE
CHIR = ~CR1/DESIRE
CHIT = ~CI1/DESIRF

NOZM2420
NOZM2430
NOZM2440
NOZM2450
NOZM2460
ROZM2470
NOZM2460
NOZM2490
NOZM25 00
NOZM2510
NOZM2520
NOZM2530
NOZM2540
HOZM2550
NOZM2560
NOZM2370
NOZM2580
NOZM2390
NOZM2600
MOZM2610
NOZM2620
NOZM2630
ROZM2640
NOZM2650
NOZM2660
NOZN2670
NOZM2680
NOZH2690
NOZM2700
NOZM2710
NOZM2720
NOZN2730
NOZM2740

* NOZM2750

NOZM2760
NOZM2770
NOZM2780
NOZM2790
NOZM2800
NOZM2810
nMOZM2820
NOZM2830
NOZM2840
NOZM2850
NOZM2860
NOZM2870
NOZM2860
NOZM28920
NOZM2900
NO2ZM2910
NOZM2920
NOZM2930
HOZM2940
NOZM2950
NOIM2960
NOZM2970
NOZM2980
NOZH?Q’O

ZM3000

M3020
NOZM30%0
HOZM3040
NOZM3050
NOZN3060
NOIM3GTQ
NOZM3080
NOZM3090
NOZM3100
NOZM3110
NOZM3120
NOZM3130
HOZM3140
HOZM3L B0
HOZM3160
HOZM3170
®OZM3180
NOZM3190
HOZM3200
ROZM3210
NOZM3220
NOZM3230
HOZM3240
ROZM3250
HOZM3260
ROZM3270
#OZM3280
KOZM3290
40213300
NOZHM3310
HOZM3320
MOZM3330
HOZM3340
MOZM33350
HOZM3350
HOZM3570
HOZM3380
#OZR3II90
NOZK3400
HOZM3410
KOZM3420
NOZM3430
HOZM34640
NOZM3450
NOZM3460
NOZM3AT0
NOZM3480

TT =2 (W/(S2SORT(452(6+14011))/SORTIVUS(.32(G+1.01~U24{G=1+0) /2.0) 2540243590

10 1:0/16=1.031)
T1 = AR1#7Y - BIl
T2 = AIl#TT + BR}

CA;

SE IS COMPLETED

FOR 3=0 ADM COEF ARE ALPMA FOR 3003 LONGITUDIRAL

FOR S=N ADM COEF ARE ¥ FOR 993 TRANSVERSE

IP15Y5800370+580
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ROZM35 00
NOIN3510
MOZM3520
KOZM3330
HOZM3340
ROZMIB SO
#01K3360
#OZM3370
WOZM3380
HO2ZM3390
HOZM3600
HO2M3810
KOZMIS20
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570 DOUT ( IWO+1 I sALPHAR NOZM3630
DOUT{ INO+101 ) mALPMAL NOZMIS O
DOYT (1WO)=W/GED NOZNS$30
DOUT { IWO+100) oW/GEC NOZNI660
GO 10 59%0 NOZNS6TO

380 CONTINUE NOZNDERO
DOUT(IW+19)aW/6ED NOZMBA90
BOUT (1W+491wT] NOZMST00
DOUT(IWTH)nT2 NOZMITiO
DOUT{IW+109) = CR3 NOZM3720
DOUT(IN+139) & CI1 NOZMIT0

ave (MO «lWN0+2 NOZNS Y40
1F { CODE = 9.0} 6601660+600 NOINHYSE

€56 CONTINUE NOZNRIT40
KKKN={291%) 51 NOINSTTO
1F {MOMEG-KKKNI 8100420680 NOINSTEO

410 KKKMSKKKN«1 NOZMTP0

620 XCOUNT=KCOUNT+6 NOZMSB OO
IF (XCOUNYnKPAQE 164026401650 NOINSS10

430 CALL PAGE(TO) NOZMIS20
ARITE (64330) NOZM3ES0
RCOUNT =0 ROIMIBL0
KPAGE=AS NOIMIESO

BV NOBPROUBBPRBE RN NOZMISES

PRixT FINAL RESULTES NOENSATO

By HESRERIE B0 R HVRES Ne) 50

G0 WRITC T2e880INCIL) oWCIKKKN) sDESIRE9ARL0ATL BRI ¢RI1oCR14CIL1 9800 aG9ANOZNASPO
APHARCALPMAT 1 TEoT24CHIROCHES NOZN3IS 0O

£58 FOMBTIZIINeF Y oaodXoFTohsIXoFTabs6EL8a8/1)) nOTHIN1IO
FOCPE+(WCONSTAWC IKKRNTI#12,0 NOEN3920
WRITE (606T701MCCPS NOZNR93C

40 CONTINUE NOZNEPAD

GTC FORMAT (AKX o SWFCICPSIoF1064//) NOZMS950
o0UY 1208 )eDESIRE NOINS960
IFIS) 6900680+890 NOZM39TO

R0 QOUTIIIemp el loidbnd
BOUY (101 ) uNp NOINIYE
el NOZRAG R0

. BT IR ) N NOZMAQLO
COPT AL, 20, NOTHAS20
LOUEE T4aX)0t, ) NOENGO90
SOUTIRESE] ) o o0 NOZNADSD
DOUTINRA111)5040 NOZNAQSE
DOUT(NP4141)2040 NOZMAGSD
REYURN NOIMAOTO
END NOZM& 080
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SIBPTC VELPOY L 1STiMO4

SUBROUTINE T8LCA

L
C TBLCAL SUBROUTIME CALCULATES XX V8 U2TBL FROM NOZZLE GEOMETRY v
C SIMPSONS RULE 1S USED WITH KN INPUT ODD AND CHANGED TO Ki/2+1 IN MAINWVELP 30
[4

LOGECAL LOGIK, SL1, SL2. EORJ .
COMMON  /PROLOG/ LOGIKIS0)e SL1s SL2: EORJ

COMMOMN /ABCOF/ EXTRA(1001s ABLOK(600)
XX

U2TBL  » DESIRE » RAT RAC*

1 ’ ® 0 ®

2 s RCT s ALFA  + 6 s KN s Y o YP
3 s YOUT o TEMP o E » RYABLE o YTABLE » A

4 *+ R s AM s AP L d + 12 » AW

.8 s AMP2 o CALFA o CTALFA » BELAM o DELTZ o+ PKN
6 ¢ 01 » G2 » 63 + 64 s JFLAGL » XWe1
7 e K o MR s Pl s PROD s R8TAl » RSTA2
8 s SALFA » T} s T2 » 73 v XINT » XK

9 s 221 » 222 s 223 » AL v ABC » ABD
COMIMON  /ABCOF/

1 All » ALPHAT o ALPHAR o+ ARY » 83101 - 8102
2 » 810 » Bl , B2 s B3 v BA s 88

3 s 86 » B7 s B8 + B91 » 892 » B®

4 s 811 ¢ BR1 s C2 s C3 » CHIT o CHIR
$ s CI s CRY s C > 910 » D11 v D1

[ s D2 » D3 s D& s B8 s D6 s D7

? o D8 s D? » DC2 + D s DU2 + E1

L » ER s F31 » F3R » PT » FR » H1

9 » M s 1 » INO *+ 1w e IWW * J
COMMON  /ABCDF/

1 MDESIR o MK * WP + 8% s 3 ° TT

2 + U2 s U » W2 + ¥ » X101 » XiOR
3 o Xi2t s XI2R » X1 + B2 o XS » XNNEW
4 s XMOLD o+ XNEW » XOLD s XPY s X » 21

L s 2R

nn

10

30
40

30

10
80

20

100

110

OINERSION XX(200)sU2TBLI200) +XTABLE(200) »YTABLE(200)+22(200)
DIMERSION YIR)oYPI8)+VOUT(8) +TEMPLT2) 4E(8)
DIMENSION A{200)oR(TO0)sAMI200)+AP1200) sAMP(200)

FEN = KN

KNMI = K8 - 1

DELAN = 1,0/(FRM+160)
Pl = 341415927
22112 040

00 10 J = 1:200
1ZtJr = 0.0
ALJ) = 000

REI) = OB
AMP{S) = 040
AM(JI) = 0,0
XX{J} = 0,0
U2TBLIJ) = 0.0
APLJ) = 040

R{l)= RAT

Al11=PIsR(1) %2

U218l t1)=1,0

REEN} = RAC

ALPA = ALFA®,01749329
CALFA=COS(ALFAY
SALFA=SIN{ALFAY
CTALFASCALFA/SALFA
RSTAI2RATHRCTH(]0=CALFA)
RSTA2=RAC-RCCH(140~CALFA)
2Z1=RCTRSALFA
222=2Z1+CTALFA# (RSTA2-RSTAL)
ZZ3=2224RCCH#SALFA

DELTZ = Z13/(FXN=140)

JELABY =]

00 80 1 = 2.KpM1

221} = 22(1=1) + DELTZ

60 TO (20040060} 9 FLAGY
REII=RATHRCT-SORT(RCTER2~22 (1) 923}
IF(R{TI-RSTALII 70570430

JFLAG1 =2

RUTICRSTAL+{RSTA2-RSTAL} #(2201)-2211/€222~221)
IF(R(1) ~ RSTA2170:70+50

JFLAG1=3

R(1)aRAC-RCC+SQRT (RCCH#2-(223~22(]1))042)
At1)=PleR(]l)ee2

CONTINUE

22(KA) = 22(XKNM1) + DELTZ
ALKN) = PlaRACa82

AMM = 1,0+ DELAM

6122,0/7({G +1.0)

G2 =G ~ 1.0)/2:0

G3 » (G + 1401/(2,0%G -~ 2,00
G4=n1,0/G1

D0 80 J = 1oKN

AMM = ANMM - DELAM

AM(J) = AMM
AP(J)=IA11)7AMM)I (512 (1.0+G2FAMMGE2 ) ) #0GS
CONTINUE

DO 100 K = 2+:KN

CALL INTALAPI1)sAM(1) sAIK) sAMP (X))
AMPREANP (K)#82

UTBLIK) = (GASAMP2) /(1.0+G28ANP2)
CONTINUE

DESIRE = AMP(RN)

XINT = 0.0

MY o XA - 2

K el

XK = SQRT(G1#RAT/RCT)
PROD m 2,0#XK4DELTZ/34+0
00 110 J = 1oNM»2

T1 = SOAT(V2TBLIJ))

T2 = SGRTIUZTBL(Je1))
T3 = SORTIV2ZTBL(Je2) )
XINT » XINT + PRODO{T106,69T2+73)
ReXel

XXIK) & «XINTV/RAT
U2TBL(K=1) = U2TALI(J)
COMTINUE
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VELP .
VELP 10
ELP 20

VELP 40
VELP 30
VELP 60
VELP 70
vELP 80
VELP 90
VELP 100
VvELP 110
VELP 120
VELP 130
VELP 140
VvELP 130
VELP 160
VELP 170
VELP 180
VELP 190
VELP 200
VELP 210
vELP 220
VELP 230
VELP 240
VELP 230
VELP 260
VELP 270
VvELP 280
VELP 290
VELP 300

VELP 820
VELP 830
VELP 340
VELP 830
VELP 860
VELP 870
VELP 880
VELP 890
VELP 900
VELP 910
VELP 920
VELP 930
VELP 940
VELP 930
VELP 980
VELP 970
VELP 980
VELP 990
VELP1000
vELPL1O10
VELP1020
VELP1030
VELPIO40
VELP10S%0
VELP10&0
VELP1070
VELP1080
VELP1090
vELP1100
VELP1110
VELP1120
vELP1130
VELP1240
VELP1150
VELP1160
VELP1170
VvELP1180
VELP1190
VELP1200
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U2TBLIK) » U2TBLIKN) VELPL1210
CREBUEBABRNE vELP1220
RETURN VELP1230
END VELP1240
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SIBFYC LONGIT LIST,M94 t ONG
SUBROUTINE LONGL tONG 10
LONG 70
COMMON /ABCDF 7 DINPI4300) LONS 30
DIMENSION LONG 40
1 EXTRAL100)+DISTLI20)2DISTM(2012AMITIO0), LONG 50
2 TAB{150»3)s OMG(150)s ALFR(130)s ALFI(1501s W(2T) LONG 60
EQUIVALENCE LONG 70
1 (EXTRAC11)+GAMMAY, (DINP(16TIe UIBAR § o (EXKTRA(231s W ;. (ON,  AD
2 (EATRAUI&) +RAC)« (EXTRAC18), FLCH) 9 LEXTRA(16)+SOUNDCO) . 1ON3 90
3 { DINPEITI«ULM 1ol DINPI18)}4ZK 3o LONG 100
& {EXTRA(20) 0ELNOZ) o (EXTRA(SYL) ¢+ DISTLI» (EXTRACTI)2DISTM} o LONG 110
L] (DINP{1)y EXTRA)s LONG 120
6 (DINP{151)¢TABsOMG) s IDINP (301 ) sALFRI» (DINRISGSI)eALFI) s LONG 130
7 (DINP(S01)2AMIT) LOMG 140
4 LONG 130
< 1 ONS 149
10 FORMAT (21X ‘FTels }1X F10e5¢ 10X F1lQe3» 10X F10,5) LUNG 2110
20 FORMAY ( / 11X 30M RESULTS FOR LONGITUDINAL MODE //21X7RFCICPS) (ONG 180
1 ISXSHOMEGAI4XTHTAU(MS ) 16X1HN ) 1 ONG 190
30 FORMAT (7/78H UIRAR 54E150829X s THGAMMA moF15,843X e HE 2, T TR Fq2) WG 200
IXs3HX =¢E1828s1XGHULM 2E]5¢8 ) L oM 216
4 LONG 220
CALL PAGE (6n) tONG 230
NINC m 10 NS 260
EIN = 1<CE~4 LUNG 241
CALL INT& ( DISTL(1)s DISTM{1}e ELCHs EDIST ) LONG 250
CALL INTGR ( 0s0» ELCHs Xe NINC ) L ONG 260
CALL INYA ( DISTL(l}s DISTM(Ils X o+ UOFX ) tONG 270
CALL INTGS ( UQFXs SUMMe EINe MINC ) LN 2R
XX ® 140 ~ SUMM/{EDISTSELCH) LORG 290
ULO = ULM / SOUND LONG 300
WRITE (6430)U1BAR, GAMMA, ZK»s XX4 ULM P ONT 3920
WRITE (6420) e B
UIBAR2»UIRARSUIBAR LONG 360
TIBAR®]40+¢5% {GAMMA-1,0)SULRBAR? LONG "%
C1BAR=SQRT (T1BAR) tONG 330
ZETALA®1,0/( TIBAR-GAMMARL I BARZS (ZK=1,40)) Siden
ASTAR=2,0#C1BAR/ (C1BAR##2-U1BARY) LONG g
4 LONG 410
50 NOMEG = EXTRA(22) + ,001 LONG 4.0
1J & NOMEG~1 14NG 430
KK = 1 CONG 440
IK » 881 4 ) L 450
DO 60 J = 1y 1o NG 460
OMG (XK} = W{J) 0N 60
DELTY = 0o2¢{W(J+1)mWig)) L ONG 480
KK = KK+1 LONG 490
DO 60 1 = 1s & LONG 500
OMGIKK) = OMG(KK~1) 4 DF:i T VORG BTG
KK = KK + 1 - Cohs 920
60 CONTINUE 1 ONG 530
OMGIKK) = W{NOMEG) | ONG 540
PO TO KK = 14 IK L2t
CALL INT& ( AMITI1), AMIT(31}» OMGI(KK}»s ALFRIKK) ) L]
CALL INT& ( AMIT(1)y AMIT(H13e OMGIKK}s ALFI(KK}) ) 0 878
10 CONTINUE . {ING 980
DO 130 1 = 14 IK ANG 890
IF (1 oEDa 51 ,O0Re T oEGe 101 ) CALL PAGE { 80 1Ghsy 600
OMFGA*FAR( 191) LONT 610
ALPREwTABI 192} < ONG 620
ALPIMxTAB( s3] LON E30
DEMBA (C1BAR-UIBARSALPRE ) #4241 BARSALPIMEALR M LONG &0
BRE= (C1BAR®CIBAR~U1BAR2® (ALPREVALPRE+ALPIMSALPIM) ) /DENB LONG 650
BIM=2 ,08C1BARSUIBARSALPIM/DENB | ONG 660
ULaULO~ZK#XX LONT 670
2ETAL=ZETAYBAUIBAR/UL . 480
An2,042ETAIBHUIBARSGAMMASZK /OMEGA LONE: 690
B=TIBAR/GAMMA+UIRARZ /GANMA 1ONG 700
Ce2.08U1BAR#CIBAR/GAMMA LONG T1n
Dnle0+ZETAL*ZK /OMFGA (3L BN
PHI=OMEGA®ASTARS (1 ,0-XX} LONG 7:0
THETAw2, 050MEGA®XX LONG 740
SINPHI=SIN(PHI) LONC T80
COSPNI=COS IPHI ) Lt 160
SINTHRSINITHETA) LONG 770
COSTH=COS( THETAY LLONG TR0
CR=140+BRE#COSPHI-BINSSINPHI LONG 79D
Cl=BIMSCOSPHI+BRESS INPHI PONCL R
DR=1,0~BREFCOSPHI+BINES INPH] LON BIC
Dls ~BIM#COSPHI~BRE*SINPH] LONo 820
ER=140~COSTH LONG 830
Ele SINTH TN AL
FRal,04COSTH IR LTI  L1N
Fle=SINTH Sk 880
CAPI=[FR/GAMMA) 2 {UIBARSCR=CIRARSDR) ~(F1/GAMMA) # (UIBARSCT - A0 1); ON. B70
14+{D*B-UIBAR®A} % (ERBCR-EICI)+ (¢ IRARSA~-CH¥D) #( ERSDR-F 14D LONC 840
CAPJ=(F1/GAMMA) % {UIBARSCR-C1BAR#DR)+{FR/GAMMA) S {U1BAR®C1~C1BARSD]I ) LONG 890
1+(D®B~UIBARRA)# (ERBCI+EISCR) +{ C1BARSA~CED ) 2 (ERADIHEI 2R LONG 900
CAPK=FR# (B#CR-CHDR)~F I #(R8CI-CHD1) LONG 93
CAPL=FI#{B#CR-C3DR) +FR*(BaCl-CaD1) 1 ONT 920
DENMNSCAPK #CAPK 4CARL #CAPL LM 92D
CAPMa (CAPK#CAP I +CAPLSCAPJ) /DFNMN PN 940
CAPN=({CAPK#CAPJ-CAPL3CAPT) /DENMN i ONG 950
SEaUL #GAMMAR {1 o N4 ZFTAL~ZFTAIR) L T T
T=a58{CAPMSCAPM+CAPNECAPN) /CAPM U
2ZN=T/SE L ONG 980
COSODal o 0~CAPM/T 1LONG 990
SINOD = CAPN /T {ONS1000
OMDEL = ATAN(SINOD/COSOD) 1LONG10 10
IF (SINOD} 8001105110 I T 3o
80 IF (COSOD) 100+100:90 LONGLO0
90 OMDEL®6.283185%53+0MDEL L ONSY O
GO TO 120 LONG103%0
100 OMDEL®»3,1413927+0OMDEL LOMG1060
60 Y0 120 LONG1070
110 IF {COSODY 10041204120 t ONGYIORO
120 DELTA=OMDEL /OMEGA L DNG1AR0
c NOR-DIMENSTONAL12ED RESULTS i ONGY100
TAUME = DELTASELCH/SOUND#BY,33113% i ONGY1110
FREQ = OMEGA®SOUND/ELCM81240/6,28%18%3 L ONG1120
WRITE (6+10) FREQs ODMEGAs TAUUS, ZN LON-.1130
130 CONTINUE t ONG1 140
RETURM LONG1190
END LONG11&0
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SIBFTC NTAU LISToM9S NTAU
SUBROUTINE FFF ( FINe FOUTe CFo MERy W 1 :;:g ;g
DIMENSION FIN{1)oFOUT(1)sA(133)sBI19S)00MBAIL) oXNI1)eTAU(L) sOMXI1INTAU 30
1oHTRINT(2) oHTIINT (1) NTAU 40
DIMERSTON XNNEW(S1)»FCCPS(41) oW (1} NTAU S0

COMMON /ABCDF / EXTRA(100)s ABLOK(&00)e A o Be
ECUIVALENCE lA(O)-O’Nl.(MlOlo”!hll(!“oHTlllTlc(M'ZhHT"R?hN;MJ 70
NTAU

ANNEMe PCCPS NTAY 60

10B(9) 2 XNW) o (B(10)s0MX) o (BI51) s TAUI o (BIBR) 4 XN) 80
¢ NTAU 90
¢ NTAU 100
CONSTaFOUTILG1) NTAU 110
XNMIN®100040 NTAU 120
CALL PAGE(TO) NTAU 130
CALL DVCHK (KOOOFX) NTAU 140
10 DO 20 Ie1s133 NTAU 180
At1) oFIN(T) NTAU 160
20 B(11=040 NTAU 170
NER«TFIX (OMY) NTAU 180
XMW= ONW NTAU 190
1F(CF=99,0)70+70¢30 NTAU 200
30 CALL PAGE (&8) NTAU 210
WRITE (6¢60) NTAU 220
40 FORMAT (1HO»30M PROGRAM F IMPUT SOLVE POR N{W) AND TAUIW) HTAU 230
1/7719% ¢ 8H(OMEGA)D»9% » GHHTRINT + 10X s GNHT 1 INT) NTAU 240
DO 50 1 =1+40 NTAU 250
S0 WRITE (6960)10MGA(1) sHTRINTII)s HTLINT(D) NTAU 260
60 FORMAT (1H »10X93F1646) NTAU 270
70 CONTINUE NTAU 280
DO 120 T =1k NTAU 290
xnu)-mvunnu-mnnnn « HTTINTUTISMTIINT(I)) /(24 08HTRINT (1)} NTAU 300
ONOM = XN(1) = KTRINT(]) NTAU 310
CALL QUAD (DNOMoMTIINT(I}eTAU(I)) NTAU 320
TAULTIo(TAUCT)I#A(1)983,.333338)/(A(2)00MBA(1)) NTAU 330
C Al1)%LsA(2)=CO NTAU 340
OMX(T)mOMGA( 1) NTAU 990
CALL DVCHK (KOOOFX) NTAU 360
GO TO (80490)sX000FX NTAU 37O
80 NERsD NTAU 380
60 TO 220 NTAU 390
90 IF(XN(1)1120+120.100 NTAU 400
100 TFIXN(II=XNMIN) 11091206120 NTAU 410
110 XMMINsXN(T) NTAU 420
IMINeT NTAU 430
120 CONTINUE NTAU 640
DO 190 114100 NTAU 430
130 FOUTII) = B(I) NTAU 460
1IF ( CP-9,0 ) 18041004240 NTAU 470
140 CALL PAGE (48) NTAU 480
WRITE {64150) NTAU 490
150 FORMAT(INOs20H PROGRAR F OUTRUT //21X+sTHFCICPS)+13X,8HIO0MGAIDs NTAU 500
113Xs THTAUIMS) s 16X 1HN ) NTAU 810
DO 1860 I=1s40 NTAU 820
FCCPS (1) wCONSTOOMXLT) NTAU 530
160 WRITE (6+170)FCCPS(T)sOMX{T)oTAUCTY oXNIT) NTAU 340
170 FORMAT (21X oFTel ¢11XsF1045+10KeF1045+10K2F10451 NTAU 980
180 MTIINT(A1) = 0e0 NTAU 560
HTRINT (4118040 NTAU 870
XNI41)2040 NTAU 980
OMX (411200 NTAU 990
FCCPS (4119040 NTAU 600
190 FORMAT (56X oSHIMING sF1005+/36X s OHTAUINE 1A s 1048 ¢ /36X s PN OMEGA D+ FINTAU 610
10059 /36XsONFC(CPS)moF1001s) NTAU 620
DO 200 1 =1+40 NTAU 630
200 CALL INTAD(OMX(1)oXM(1)oOMX{T)sSAVNOT oNWREW(T)) NTAU 640
XMNEM (4112040 NTAU 630
CALL INTACXNNEW(1)eOMX(1)¢0e00DOMMINY NTAU 660
FCMIN®CONS T#DOMMIN RTAU 870
CALL INTA{FCCPS{1)sHTRINT(1)sFCHINSHTRT) NTAU 680
CALL INTAIFCCPSI1)oMTIINTI1) JFCHINSNTIL) NTAU 690
HTAMIN® (HTRISHTRISHTI18HT 111/ {2400HTR]) NTAU 700
DNOMHTRMEN-NTR] NTAU 710
CALL QUAD(DNOMHT 112 TAUMIN) NTAU T20
TAUMINS( TAUMIN®A(11983,333393)/(A(2)500MNIN) NTAU 730
CALL PAGE (8) NTAU 740
WRITE (642100 NTAU 750
210 r:mnc//zu.un THE FOLLOWING ARE VALUES INTERPOLATED AT SLOPE OFNTAU 1:0
1 2/} NTAU 770
WRITE (6s190)HTRMINITAUMIN sDOMMINSPCMIN NTAU T80
220 RETURN NTAU 790
END NTAU 800
SIBFTC QUADR L 1ST,Mo4 QUAD
SUBROUT INE QUAD (AoBsANGLE) QUAD 10
IF(B) 10+50080 QUAD 20
10 IF(A) 20+30s40 QUAD 30
20 ROTATE = 3,1418927 QUAD 40
GO TO 110 QUAD 50
30 ANGLE = 447123890 QUAD 60
6o 10 QUAD T0
40 nour: = 602031853 QUAD 80
G0 1O 110 QUAD %0
80 1F (A) so.m.vo OUAD 100
60 ANGLE » 9,1418927 OUAD 110
GO 10 120 QUAD 120
70 ANGLE ® 040 QUAD 130
60 TO 120 QUAD 140
80 IF(A) 201904100 QUAD 150
90 ANGLE = 1,5707963 QUAD 180
GO TO 120 GQUAD 170
100 ROTATE = 0.0 QUAD 180
110 ANGLE = ATANIB/A} + ROTATE OUAD 190
120 RETURN QUAD 200
END ouAD 210
SIBFTC KORE LISToMO4 XORE
SUBROUTINE CORE (XoNoCODE) KORE 10
DIMENSION X(1) KORE 20
IF({CODE=500,0)4051010 KORE 30
10 CODEr100.0 KORE 40
CALL PAGE(70)} KORE 30
WRITE {6:20) XORE 60
20 FORMAT(10X37THINPUY DATA DUMP FQR PROGRAM FATLIER 17z XORE  T0
WRITE (69901 (X(1)o1n1oN)} KORE 80
30 FORMAT (8X030(F104402X)) KORE 90
40 REITURN KORE 100
(1] KORE 110
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SORIGIN ALODE +REW
$INCLUDE JECTOR
SIBFTC INJ LISTasM9% INJ
SUBROUTINE INJCTR INJ 10
c fna 20
COMMON  /PROLOG/ LOGIK(38)s HEAD{12)s St1s SL2y EORY 18J 30
COMMON  /JECTOR/ EJDATA( 9600} INJ 40
C Ny 50
EQUIVALENCE (LOGIK(S)+ERUN) » (LOGIK{10}+JRUN ) » (LOGIK(9)+IRUN)INS 60
LOGICAL LOGIKy ERUNo JRUNo SL1s SL2s» EORJo IRUN INJ T0
DIMENSION HEAD1(12) IND 80
c INJ 90
1F t 5L ) GO TO 20 INJ 100
DO 10 [ = 1, 9600 INJ 110
10 EJDATA(I) = 000 INJ 120
SL1 * «TRUE. INS 130
GO TO 30 INJ 140
4 INJ 150
20 READ (13) EJDATA INJ 160
BACKSPACE 13 IN) 170
30 CALL AS138 ( EJDATA. HEADls NE ) INJ 180
IF { NE oNEo 1) CALL EXIT INS 190
WRITE (13) EJDATA INS 195
BACKSPACE 13 INS 196
IF U «NOTs JRUN ) GO TO 40 INSG 200
CALL JJJ INJ 210
40 IF ( ERUN ,0R. IRUN ) CALL INJDIS INJ 220
[4 INJ 230
50 RETURN ™. 240
END INg 250
SIBFTC JECY LIST MO4 JECT
SUBROUTINE JJJ JECT 10
4 JECT 20
L ARREBERNRSES  DECK MODIFIED 20 AUG 67 - JECT 30
JECT 40
DIMENSION THET1{1450), R1(1450)s TMUL1000} JECT 50
DIMEMS ION NELE(1000)+X(1000)sY{1000) +NTYPEE( 10001 R(22)JECT 60
1o THETAL182) ¢AS(20) sWTE (10001 +AAX(1000) s AAF{1000) s NBAND (1000} s XMRE L JECT 70
21000)sXMUTOTI{20) «AXTY(200) +AFTYL200)eXX{1000),YY(1000) JECT 80
COMMON /JECTOR/ DATA { 95600} JECT 90
C JECT 130
EQUIVALENCE (DATA(3)eXM}s (DATA(4) e XN) JECT 140

EQUIVALENCE (DATA{1021)2THET1) ¢ (DATAI2ATY) +R1) o (DATALII®21)»TH1N) JECT 150
EQUIVALENCE (NTYPEEDATA{200111 e tAXTYoDATAITI001))e(APTY DATAI1201)JECT 160

119 (DATAC1921)9XX) o (DATA(2921)4YY ) (DATA(A92]1)4XMUTOT) JECT 170

C JECT 18C
NERROR=0 JECT 208
SECTwDATA(S) JECT 210
WIwDATA(9579) JECT 220
RINJ=DATA(9574) JECT 230
XMR*DATA{9573) JECT 240
FFCaDATA{9576) ‘ JECT 2%0
DFFC=DATAL9%7T) JECT 260
NTaDATA{9870)+,0001 JECT 270
POLARSDATA(95T2) JFCT 280
NEWDATA(9871)+,0001 JECT 2%0
ROXDATA(9579) JECT 300
ROF=DATA(9500) T 310
EMUMAX =S 40 it T 320
PXADJ=1.0 #1330
PFADJ=1.0 U1 360
COX=DATAI9SAS) JECT 350
CDF=DATA(9586) 1ECT 360
XFCaDATA{9891) JECT 376
DXFCaDATA{9697) JECT 380
PFFC = DATA{S5R91/10040 JECT 3906
PXFC = DATA(9%901/100.0 JECT &4UD

IF (XM oFQ. Dl 1 XM = ?D.0 IFcT 410

IF { XN oFQs Nal } XN » 18000 ECT 420

LN r=19 FCT 430
TENL<6e2B3LB53/Cr NI ST Y5

i TA(3221120030430 il W50

L0 M YATI: 301415926/SH0 T HER Y 14
<O T0 40 JECT &T0

30 RGIATE=O.S U1 4BO
40 1F{POLAR; % 14 ]B yn T 490
50 1F(SECT-140)B0eRN N JECT 500
60 DO TN Il eNE JECT 810
XKak+1 JECT 520
NELFiT)eDATAIVK )4,0001 JECT S30
Xi1)sDATACER 4] JECT %40
Y{1)=DATAIKKS2} JECT 550
NTYPEELT)eDATAIKK+3)+4.0001] JECT 560
SAVE=SQRT{X{TI®X(I)+Y{])aY( 1)) JECT 370

YOI utATANCY(T)/X{1)))+ROTATE JECT 580
X{1)aSAVE JECT %90

LS VN JECY g

70 CONTINUE JeC1 810
GO TO 270 JECT 620

RO DO 170 Is=la.NF JECT 630
KKwi+3 JECT 640
RELE(1)=DATA(KK)1+,0001 JFCT 630
X{I)=DATA(KK+1) JECT 660
Y{1)eDATAIKK42) JECT 870
NTYPEE(1)1=DATA(KK+3)+,0001 JECT 680

[ THE FOLLOWING SEGMENT OF CODING REPLACES SUBROUTINE MOVXYsoe JECT 690
IF L Y(ly ) 90+130+140 . JECT 700

90 IF ¢ Xty 4 10051102120 JECT T10
100 ROTATE = 3,1415927 FCT T20
GO 10 160 1€CT T30

110 X(1) = 1.0€~1% JECT Ta40
120 ROTATE = 6,283185%2 JECT 180
GO T0 160 JFCT T80

130 ROTATE = 040 JECT 170
GO T0 160 JFCT T80

140 IF € xtIy ) 1001505130 JECT 7190
150 Xt1) = 140E-13 JECT son
ROTATE = 0.0 JECY 810

160 SAVE = SORYT ( X{I)aX{I)+v(I)®Y(]) ) JECT 820
SAVESSQRTIX(1)SX(1)eV{IIBY(I)}} JECT 830

YOI a(ATANIYET}/R{T DI VISROTATE 1ECT Ban
X{1)mSAVE Y RS

L2 871 AFCL % 0
170 CONYINUF WwIT O8I
GO YO 22n JFcT RAGC
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180 IF{SECT=160119091909200 JECT 890
190 ROTATE=040 JECT 900
200 DO 210 Isl,NE JECT 910
KKaK+1 JECT 920
MELE(1)aDATAIKK)+.0001 JECT 930
XU1)DATA(KK+1) JECT 940
Y1) (DATA(KK+2)#:017453219ROTATE JECT 950
NTYPEE(11eDATA(KK+3)+00001 JECT 960
KeK+h JECT 970

210 CONTINUE JECT 980
€CLCCCLLECLCCCCCCCCLECELCECCCCCCCCCOCCECCCCECCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCIECT 990
4 CALCULATING AREAS OF ELEMENTS JECT1000
cccccccccccccccccc:cccccccccccccccccccccccccccccccccccccccccccccccccccchECTlo1o
220 NN=49&4 JECT1020
DO 280 IaleNT JEC"°3°

KK aNN+1 JECT1060
NSTSDATA{KK}+50001 JECT10%0
KK1aKK+1 JECT1060
JJIsKK1 JECT1070
NX=DATA{KK]1)+s0001 JECT1080
AXTY(NST)=000 JECT1090
TFINX12305250+230 JECT1100

230 DO 240 JXn»1,NX JECTI110
JJI=KK Y +JIX JECT1120
AXTY(NSTIaAXTY (NST14(s 78530918 (DATAIJIII EDATA(III )Y JECT1130

240 CONTINUE JECT1140
250 NN1sJJ+1 JECT1150
MN=MN1 JSECTL160
NFsDATA(NN1)+20001 JECT1170
AFTY(NST)I®0,0 JECT1180
1F(NF 126002809260 JECT1190

260 DO 270 JEs1NF JECT1200
NNsNNL+JF JECT1210
AFTY(NSTIAFTY(NST)+(o 7853981 # (DATA (NN)SDATA(MN) 1) JECT1220

270 CONTINUE JECT123¢0
280 CONTINUE JECTI240
AXTOT=040 JECT1250
AFTOTe0.0 JECT1260

DO 290 I=],NE JECT1270
NN=NTYPEE(I) JECT1280

AAX( L) =AXTY (NN} JECT1290

AAF (1) =AFTY(MN) JECTI960
AXYOT=AXTOT+AAX (T} JECT1910
AFTOT=AFTOT#AAF (1) JECTI320

290 CONTINUE JECT133%0
AXTOT@AXTOT#SECT JECT1940
AFTOT=AFTOT#SECT JECT13%0
CCLLLCCECCCCCLCCCCCCCCCCCClCCCLCCCClCCCCCCCCCCCOLCCCteCCCCeCCCCCCeCCecIECTINe0
4 CALCULATING RADI1 AND ANGLE BOUNDRIES JECT1370
ccccctccceccecccrcccrercccrccrrcccrrrcrccreccccecccccccccrcccccvcccrrcchrcrlsco
300 NPTS=18040/SECT JECT1390
TPSaNPTS JECT1400
DELTHs THFNL /TPS JECTIALO
AREA = 3.,141592 # RINJ#®2 JECT1420
ASECT = AREA/(XMZXN) JECTIAN0
R(1) = 0.0 ‘ JECT1440

ANP = ASECT # 180,0 / 34141592 JECT1450

DO 310 I = 2521 JECT1460
RII} = SORT ( ANP 4 R(1-1)8e2) JECTIATO

310 CONTINUE JECT1480
R(22) = 0.0 JECTIA90
XNUM=0,0 JECT1800
NPTS1aNPTS+1 JECT1%10

DO 320 J=2.NPTS1 JECT1520
XNUM=XNUM+ 100 JECT15930
THETA(J) =sDEL TH*XNUM JECT1540

320 CONTINUE JECT1580
cCCCCCCCCCCCCCCCCCCCCCCCCCCCCccccccCCCCCCCCCCCCCCCCCCCCCCCCC(CCCCCCCCCCCJGCTleo
4 CALCULATING WEIGHT FLOW CT1870
cccccccccccccccccccccccccccccccccctcccccccctcccccccccccc:ccccccccccccccc;zcvlslo
WET1aWT/(XMR+140) JECT1990
WXT18MT=WFT] JECT1600
WET2aWFT] JECT1610
WXT2aWXT1 JECT1620
TF(PFFC}340+3404330 JECTI830

330 WFT2aWFTIn(140~PFFC) JECT1840
340 IFIPXFC)360-360-350 JECT1650
350 WXT2sWXTI#{1,0-PXFC JECT1660
360 srﬁnzn-wv/«3.1415920uan'n1u4b JECT1670
370 AXTMAX=AXTOT JECT1680
AXTMIN=AXTOT JECT1690
AFTMAX®AFTOT JECT1700

AF TMIN=AFTOT JECT1T10

380 AFFC=0.0 JECT1T20
AXFC®060 JECT1730

1F (DFFC) 40094002390 JECT1T40

390 AFFC=FFC#%,T7833984DFFCHDFRC JECT17%0
AFTMIN=AFTMIN-AFFC JECT1760
AFTMAX=AF TMAX~AFFC JECT1TTO

%00 1F{DXFC1420+4205410 JECT1780
410 AXFC=XFC#, 785398 8DKFC#DXFC JECT1790
AXTMINSAXTMIN=AXFC JECT1800
AXTMAX=AXTMAX=AXFC JECTIS10

620 AXNOMw(AXTMAX+AXTMIN] /240 JECT1820
AENOM= ( AFTMAX+AFTMIND /240 JECT1830

IF (DFFCADAFCI640+480+430 JECT1840

430 WXT2= (WKT2#AXNOM) /7 (AXNOM+AXFC) JECT1850
WET2% (WFT29AFNOM ) / ( AFNOMSAFFC) JECT1060

440 XMR1=WXT2/WFT2 JECT18TO
450 ETOF=040 JECT1880
ETFF2000 JECT10890
QX=WXT2/AXTOT JECT1900
OPsWFT2/AFTOT JECT1910
CALL DVCHKX (KOOOFX) JECT1920

480 DO 480 In]NE JECT1940
NBAMD( ) =0 JECT1950
WFE18AAF (] ) #QF JECT1960
WXE1SAAX (1 )#QX JECT1970
WYE(])=WFE14WXEL JECT1980
XMRE (1) oWXE1/WFEL JECT1I990
ETOFaETOF$UXE] JECT2000
ETFFaETEFeMFE] JECT2010
CALL DVCHK (ROOOFX) JECT2020

GO TO (470+480):X000FX JECT2030

470 MBAND(I)ae1 JECT2040
480 COMTINUE JECT20%0
ETOF=SECT#ETOF JECT2060
ETFFaSECTRETPF JECT2070
WMRELME TOR /ETEF JECT2000
AXRTTeARTOTHAXPC JECT2090
APFTT2AFTOT+AFFC JECT2100
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-t N v
we 3 os e 1Y
WETIWEYI2/11,08-FF ")
WTl WXTZ 0 Rep )
T WELERATHYY cr i
WATY + WRTIRAXXYI, Astui
XMRIN.J=WXT1/WFT1
On ({WXT1/{COXCAXNTT I IB82)82,2960208
WTOTsWXTI+WPT?
DPY1=D/ROY
D= ((WFTI/(CNFOAFFTT1882)82,2380348
SUF TN /ROF
TOFCF a WXT1®{1,0 ~ vx¢C)
TOFCF « (TOPCFW{AXXTY ~ AKPC)I/ANXTT
TOFCH s WXT] « TOFCF
TFFC o WFTI®(1,0 =~ PFFCH
CFFC = ITFFCR(AFRTY « AFFL))/AFFTT
Trf. s WFTY] « TFPC
VINIXsSORT ({9273,600PX1 /RQOXI)
VINIFSSQRT( (9373460007 | /ROF Y}
AXY:TPCweIGMENSSECT
WRITF (64870)
oo 10 %00
WRITE (6e760)AXTOY ¢AFYOY JAXFC AFFCIANKTY (AFFTT ORX14DPF]

WwoTr b
EC12120
1ECT21%0
ECT2140
JECT2150
JECT2160
JECT2170
JECT2180
JECT2190
JECT2200
JECT2210
JECT2220
JECT2230
JECT22h0
JECT22%0
JECT2260
JECT2270
JECT2200
JECT2290
JECT2300
JECT2310
JECT2920
JECT2310
JECT234D

WRITE (62 7T01WTOT JWMRELMyXMRINI« FTOF JRTPETOPCE W TFPCe WXT1a WFT oJECT29%0

IVIN e VINJSF
PrICaPFFCE100.0
PX7¢ sPXFC#100a0
WRITE (6+8301WTsNTeNELDX
WREITE (64780)CDF +PFFE PXFCIDFFCDAFCHNFCoRPE1ROX e ROF
CALLL PAGELTO}
WRTIF (64810}
NPGE =49
DO 540 Is19NE
JF INPGE»11520,320,530
CALL PAGE(70)
NPGE sNPGE+48
WRITE (6+810)
DEGREESY{])/sD1748632
BeX{[IRSINIYII)}
AsXUTISCOSIY(I)
WRITE (6+800INELEITIoNTYRERIT) X (1) oORGREL1ASD
CONTINUE
CALL PAGE( 70}
NPGE =46
JCONT=O
WRITE (68400
NN&944
00 870 I=]eNT
(4L, LT3
NST=DATA{KK 14,0001
KK1#KK+]
JJKK]
NXsDATA{KK] )+, 0001
JCOMT= JCONTHNX 41
IFINPGE-JCONT 1950+8%50,560
CALL PAGE(T0)
WRITE (64840)
JCONT=O
AXMAX®D .0
AFMAX®0 .0
WPE1w0,0
WAELIwD,0
WRITE (6+850INSToNX
IFINX)570:590,470
DO 580 JXw1eNX
JJIeKKY+JIX
Ano TASSROTISDATA (LI ISDATALIY)
BeANQX
WRITE (6.8601DATALLIY 4A»S
AXMAXDAXMAKSA
WXEIWWXEL 4B
CONTINUE
NN1=JUs)
NN=iN3
NFoDATA NN +,000)
JCONT3 JCONTHNR+2
IF(NPGE~JCONT 60026002610
CALL PAGE (70)
WRITE (64840}
JCONT=O
WRITE (£:070)NF
TFINFI620:440+620
DO 630 JFelaNF
NNsNNI+JP
A2o TOB3091#DATAINN) BDATA (NN)
BrARQF
WRITE (6+880IDATAINN) +AD
AFMAX = AFMAX A
WFEl1=WFE]l+8B
CONTINVE
WIOT1WXELAWFE]L
TF(WPE11660¢650+660
WRITE (6+9001AXKMAK«AFMAX +W/TOTL
GO 10 670
XMR19WXE]/WFE]
WRITE (6+890)AXMAXAFMAX ¢+WTOT ] ¢ XMR]Y
CONTINUE
READ (13) DATA
BACKSPACE 13
LINKNY = 0
AJS = XMBXM/WT
DO 700 J & 1.NE
TMULJY = WYE(JI#AJS
IF (LINKNT «GTa 0) GO TQO 690
CALL PAGE(T0)
WRITE (64910}
WRITE {6,930)
LINKNT = 50
WRITE(6+920) Jo XUJ)e YIJ)o THUCY)
LINKNY = LINKNT ~ 1
CONTINUE
DO 705 I » 3. NE
AXCT) = X(1)
YL = YD)
WRITE (13) DAYA
BACKSPACE 13
AMUMAX 5040
AJS = AJSHRECY /KM
DO 730 J=te20
TOTW=0.0
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XXX = XXY # ASECT JECT3290

Sy JECT3300

DO 710 I=1sNE JECTIZ1O0

IF (X(I} oLEe R(J+1) «ANDa XI1) oGT, R(J)) TOTW = TOTW + WTE(]) JECT3320

710 CONTINUE JECT3330
XMUTOT(J) = TOTWaAJS JECT3340
IF{XMUTOT ( J)-XMUMAX} 73097309720 JECT3350

720 XMUMAX=XMUTOT(J) JECT3360
730 CONTINUE JECT3370
CALL PAGE(70) JECT3280
WRITE (64790) JECT3390

00 740 J=1420 JECT3400
XXMAX e XMUTOTt J} / XMUMAX JECT3410
WRITE {6+750)R1J41)sXHUTOTIJ) s XXMAX JECT3420

740 CONTINUE JECT3430
RETURN JECT3440

750 FORMAT (32X oF603+16XeFT03413XeFb0k) . JECT3450
760 FORMATU//+3X928MA+ 00+ PROPELLENT ORFICE AREASs//+9X+3aHELEMENT TOTAJECT3A60
1L OXIDIZER AREA x9F11a848H SQe INes15X+30HELEMENT TOTAL FUEL JECT3470
2AREA 23F110808H $00 INos/ 99X +34HTOTAL OXIDIZER FILM COOLING AJECT3480
IREA =4F11,858H SQs INs+s15Xs30HTOTAL FUEL FILM COOLING AREA =4F11,8JECT3490

43 8H SQs IN.+/39Xs34HINJECTOR TOTAL OXIDIZER AREA 23F11.8+84 SQJECT3500

5S¢ INes15Xs30HINJECTOR TOTAL FUEL AREA #9F11.848H SQ, INes//s5XJECTISIO

6354HBo s oo INJECTOR PRESSURE DROPS FOR ABOVE INJECTOR DESIGNs//+9Xs JECT3520
726HOXIDIZER PRESSURE DROP 2+F6s1+3HPS1+35X,20HFUEL PRESSURE DROP =JECT3330
8sF6alvdH PSIs///715X+s71HCs v « PROPELLANT FLOWS AND INJECTOR VELOCITIJECTIS40
9ES FOR ABOVE INJECTOR DESIGNs/) JECT3550
770 FORMAT (/48X +19HTOTAL WEIGHT FLOW =+F6a1leTH LB/SECe/+42X+39MAVERAGJIECTIS60
1E MIXTURE RATIO OF THE ELEMENTS =+FTs35/s410+40NOVERALL MIXTURE RAJECT3ISTO
2TI0 FOR THE INJECTOR woF7+34//99Xs 34HELEMENT TOTAL OXIDIXER FLOW JECY3580
3 2sF64a197TH LB/SECe21Xs26HELEMENT TOTAL FUEL FLOW =yF6.1»7H LB/JECT3590
4SECs /39X 34HTOTAL OXIDIZER FILM COOLING FLOW =+F6e147H LB/SEC,21X,JECTIS00
526HTOTAL FUEL FILM COOLING =¢F6elsTH LB/SECs/ 99X +34HINJECTOR TOTAJECT3610
6L OXIDIZER FLOW =3F6alsTH LB/SECI21Xs 2SHINJECTOR TOTAL FUEL FLJECT3620
TOW=sFTels7H LB/SECs/»9%+3THOXIDIZER OVERALL INJECTION VELOCITY =sFJECT3630
8641+7H FT/SECs18X»33HFUEL OVERALL INJECTION VELOCITY =,F6,1s7TH FT/JECT3640
9SECy/7) JECTI650
780 FORMAT(9X23HFUEL LOSS COEFFICIENT =eF5e3,/09X+2THPERCENT FUEL FILJECT3660
IM COOLING =2sF541+7/99X+e31HPERCENT OXIDIZER FILM COOLING =+F5als/09XJECTI6TO
2+38HDIAMETER OF FUEL FILM COOLING ORFICE =4FT705:75H INs (MOTE.s THIJECT3680
35S MIGHT BE AN EQUIVALENT DIAMETER FOR MULTIPLE-ROW COOLING)»/+9XsJECT3690
442HDIAMETER OF OXIDIZER FILM COOLING ORFICE =¢F7.5+21H INe (SEE ABJECT3700
SOVE NOTE)s/+9Xs51HNUMBER OF FUEL FILM COOLING ORIFICES PER INJECTOJECT3710
6R 24F5406/+9X+34HNUMBER OF OXIOIZER FILM COOLING ORFICES PER INJECJECTIT20
TTOR =9F5,00/+9X918BHOXIDIZER DENSITY =3F74254H PCFs/s9Xs 164HFUEL DENJECT3730
8SITY ®eF6,1e4H PCFe//7) JECTITAO
790 FORMAT(////+3X+114HSECTION &44oRESULTANT FLOW DISTRIBUTION (MU) AS JECT3750
1A FUNCTION OF ONLY THE RADIUS, 1.Eos AVERAGE OF MU IN A RADIAL BANJECT3760

2D 777932Xs6HRADIUS s 15X e 5HMUCRY 3 11X+ 13HMULR) /MU (MAX) 0/ 934X 4 3HINJECTITTO
3es//) JECT3780
800 FORMAT(13X+13+18Xs1234Xs4(10XeF10e5)) JECT3T90

810 FORMAT(//42Xs 49HSECTION 20s00 ELEMENT LOCATION AND INJECTION TYPEJECT3800
19/7/911Xs THELEMENT 315Xs 4HTYPEs1TXs1HRs17Xs SHYMETA» 17X+1HRs19X91JECTIBLO
2HYs /013Xy 3HNO4»18Xs 3HNOes14Xs BHUINCHES)+12Xs BH(DEGREE)+12X» BHJECT3820

BLINCHES) 912X+ BHIINCHES) 2/ /) JECT3830
820 FORMAT(///+3Xs THHSECTION lesesMISCELLANMEOUS INFORMATION FOR INJECJECTI840
1TOR DESIGNED BY PROJECTS v/) JECT3850

B30 FORMAT(//95Xs 46HDevsaeas INPUT INFORMATION USED IN COMPUTATIONS /JECT3860
1/59Xs 23HTOTAL PROPELLENT FLOW =9FbeleTH LB/SEC2/99Xs SIHTOTAL NUMJECT3870
2BER OF ELEMENT TYPES (SYMMETRICAL SECTION ONLY) = 413457,9X0 S4HTOTJECT3I880
3AL NUMBER OF ELEMENTS {SYMMETRICAL SECTION ONMLY) = s18s/+9X» 27THOXJECT3890

4IDIZER LOSS COEFFICIENT =+F843y) JECT3900
8B40 FORMAT(//+2Xs TBHSECTION 3eeseTYPE DESCRIPTION,ORIFICE AREAs PROPEIECTISOIO
ILLANT FLOWs AND MIXTURE RATIOw//s3Xs B4HTYPE #rommmame OXIDIZER JECT3920

20RIFICE DATA ~~--- R FUEL ORIFICE DATA w——=wua 85/7993X2JECT2930
3 SHTOTAL#5Xs BMTOTALs5Xs BHTOTALs4Xse THHIXTURES/»12Xs 6HNUMBER»34XJECT3940
“s GHNUMBER»33Xs BHOXIDIZERs4Xs 4HFUEL+3Xs10HPROPELLENT»3Xs SHRATIOJECT3950
S9/914X32HOF 45Xy BHDIAMETER+4Xs 4HAREASEXs SHFLOWs TX$2HOF +5X» AHDIAJECT3960
EMETER+4Xs 4HAREAEXs GHFLOW18Xs 4GHAREAWSXs 4HAREAs4Xs IHFLOW RATEJECTIOTD
T/911Xs THORIFICEs6Xe3HINe35Xs THSQs INas&Xy 6HLB/SECs3Xs BHORIFICEJECT3980
B8Se5Xs 3HINes&Xs THSQs INeshXy SHLB/SECe3Xs THSQs INes3Xoe THSQ. INWJECTI990

9ehXs EBHLB/SEC//9) JECTA000
850 FORMAT(3X»I3s7Xs12) JECT4010
860 FORMAT{22XsF64433XsFBa612XsFBo6) JECT4020
870 FORMAT{54X+12) JECT4030
880 FORMAT(62XsF64433XsFBa692X9FBeb) JECT4040-
893 FORMAT (91X eFBo592XsF8e592XeFB0b693XoFTob} JECTA05Q
90C FORMAT(S1XsFBe3+2XeFBa842XeF843+2XyBHINFINITY) JECT4060
910 FORMAT (///10X1SHELEMENT RESULTS ) JECT4070
920 FORMAT (32X15+11XF10e3910XF10s4911XF10e% ) JECT4080
930 FORMAT (//31XTHELEMENT14X6HRADIUS 1SXSHANGLEIIXI2HOTSTRIBUTION/90X JECT4090
111HCOEFFICIENT /34X3HNO, 35X THRADTANS 15X2HMU /7 ) JECT4100
END JECT4110
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SIAPYC INJDS  LISToM94 INJD
SUBROUTINE THJDIS 1Ngp 10
c (INgD 20
C ossssesspsrs DECK MODIFIED 20 AUG &7 & e INJD 30
< INJD 40
REAL IPP.IPRoIPTINTEGHIPX 1M S0
INTEGER DSCREe TIME INJD &0
LOGICAL LOGIKo S8L1s SL2s EORJ, IRUN INSD 70
COMMON  /PROLOG/ LOGIKI30)s SL1o SL2y E0R) INJD 80
COMMON /JECTOR/ DATA { 9400) INJD 90
COMMON GAMMA, WW: WCo AVNes BVMNo CVMR, CvNl, CE&, CI INJD 110
OIMENS 10N 1HJD 120
1 U (1000)e AVA  ( 30)s BYN ( 300, CVNR ( 30)» INJD 130
2 CYNI ( 30)e RR CIOOO)n THWATA (1008)c FIRST ( 30t THJO 140
3 SECOND( 30)e 2 2)» Lo 301 INJD 150
L) IPP(30)s OPB(50), lPlt!O)- 0PR(30) s IPTI30) OPTIQD)- 1MJD 160
$ X (1000} Y (1000} INJD 170
EQUIVALENCE { IRUMs LOGIK(9) )o INJD 180
1 (&) sDATA(1) )y (£ 1) DATA(3) s INJD 190
2 (XN sDATA(4)) otV sDATALS) I 2 (SVK  +DATA(B)), INJD 200
3 (POO  sDATA(1311), $21 sDATA(L13))s INJD 210
LY {RRs Xo DATA(1921) )-(THATA: Yo DATAI2921)), INJD 220
5 (U JDATA(3921)), INJD 230
] (IPP  JDATA{20)1)s INJD 240
7 1OPP  SDATA(TO))+(IPR SDATA(120))0 (OPR 4DATAI1T0))» INJD 250
2 CIPY oDATA1220))2(0PT sDATAL270))s I TPLP¢DATAI9596) ) INJD 260
9 (TFLRWDATA(9397) )+ (TFLTDATA(9598)) INJD 270
[ 4 INJD 280
10 FORMAT (//12X30MRESULTS OF DESCRIBING FUNCTION // 23XiOHELEMENT INJD 290
1 GHRADIUSAXSHANGLESX1OHFRACTIONAL /13XSHOMEGATX3HNO« TXIN TXIHRADINJID 300
2 AXOHFLOW-RATE1OX2HFP12XZHFR1I2X2WFY // ) INJD 310
20 FORMAT (10XF9s40199F1163:F10s40F114502X3F1406 ) INJD 320
30 FORMAT (// 12X41IHRESULTS OF INJECTION DISTRIBUTION EFFECTS // INJD 330
143 XSHOMEGASXIHAVHBXSHBYNTXIHCYNTXSHCYN / ABXBI6XLHREAL ) +6XGHIMAG, TNJD 340
2/ ) 1NJD 350
40 FORMAT (39X3F1044 ) INJSO 3680
80 FORMAT ( &S4XSHALL 4F10.4 ) INJD 370
60 FORMAT ( /7 SX39HINPUT TO INJECTION DISTIIBUTION PROGRAM/ / 10X9HCONINID 380
1STANTS//156X18HNUMBER OF OMEGAS = 13//1AX20MNUMBER OF ELEMENTS »I5:INJD 390
1 134 FOR EACH OF l4e 20H SYMMETRIC SECTIONS. IHJD 391
R/716X22HRADIAL DIVISIONS(XM) = F3,0//14X26MANGULAR DIVISIONS (XN) INJD 400
I8FS5,0//16XITHACOUSTIC MODE NUMBER(SVM) ®FT.4//14X30HORDER OF BESSEINJD 410
AL FUNCTICHSIV) = F3.0//14X1THINJECTOR RADIUS =PF8e3:5Hs INe//14X32HINID 420
SRATIO OF SPECIFIC HEATS(GAMMA) sF7,47/714X90HMAXIHUM PRESSURE AMPLIINJD 430
GTUDE RATIOIPOO) =F7,3///16XI9NTRANSFER FUNCTIONS FOR LINEAR OPERATINJD 440
TION//20X16HPRESSURE{TFLP®) oF 7.3/ /20X23HRADIAL VELOCITYITFLR) #F7,3INJD 450
87/20X2THTANGENTIAL VELOCITYITFLY) =F7,3 ) INJD 460
70 FORMAT (/7 1OX1THINPUT FREQUENCIES ) INJD 470
80 FORMAT (/ TX 9F20,4 ) INJD A80
90 FORMAT (///10X19HELEMENT INFORMATION | INJD 490
100 FORMAT (//31XTHELERENTIAXGNRADIUSISXSHANGLELLIX12HDISTRIBUTION/90X INJD %00
1IIMHCOBFFICIENT /34X3KN0s L TXSHIN I SXTHRADIANS 1SX20U/ 7 } INJD S10
130 FORMAT (32XI8+11XF10e3+10XF10e4s11XF10e4 ) INJD S20
120 FORMAT {(1M1//26H TABULAR NONL INEAR EFFECTS//11XGHPRESSURELLIX10HCOMINJID %30
1BUSTIONIZXEHRADIALLIZX1ONCOMBUSTIONIOXIONTANGENY TAL10X 1 OHCOMBUSTIONINID 540
2/%51X0HVELOCITYI2XBHVELOCITY/ 9X 3{12HPERTURBATIONIIXAHGAINI2X) ) INJD 5%0
130 FORMAT ([ G(F1B43+2X) INJD 860
140 FORMAT (//33R6SHENBURARNASS THESE VALUES PERTAIN TO A STANDING MOINJD 370
1DE  shasasaves ) INJD S8R0
150 FORMAT (//39X68H#aosansnsse THESE VALUES PERTAIN TO A SPINNING MOINJD %90
1DE Sassncsnss ) INJD 600
160 FOMMAT (23X42HTHE VALUE OF I12ZIT IS TERC AND NOT ALLOWED) INJD 610
170 FORMAT{23X&SHVALUE OF BESSEL ARGUMEMT TOO HIGH OR LOW 2 = Fl0«4) INJD 620
4 INJD 630
180 BSCRE = ) INJD &40
1P 0T, IRUN ) GO TO 190 INJD E°7
CE = 100,90 INJD 660
OSCRB = 2 1HJn 870
60 7O 200 'NJD 680
190 N = } tn 490
WCll) » 1.0 IR 700
200 TIME B 1 INJD T10
RINJ = DATALI9374) INJD 720
ME = DATA(9371) +0.0001 INJD T30
NS = DATA(S) + 0.000] INJD 131
NUMBR = DATAI9599) + 0,0001 TNJD 760
12217 o DATAL2) INJD 7150
K ® ¥V 90,0001 INJD 760
KK = & ¢ 1 INJO 770
L= 28 -1 INJD 780
Matl 2 INJD 790
LIS INJD 800
I# ¢ E1 oLEs 0.0 ) €1 = 90,0001 INIh 813
1IF { NUMAR «LEs 0 ) NUMBR = 10 INJS £20
IF { CE oLEc 9900 ) GO TO 280 INJG 830
CALL PAGE ( 7D ) INJD 840
WRITE (5260) NWoNEsHSsXMeXNoSVNIVsRINJIGAMMA oPOOSTFLPTFLRTFLT  INJD 8%0
GO TO (220+210)+ DSCR8 INJD 860
210 YRITE (6.70) INJD 870
MRITE (6280) (WC(IWly W = 1,NW) INJD 880
220 LINRNY = 0 1NJD 890
00 240 J = 14KE RS0 900
IF {LINKMT 6T, O} GO TO 230 INJD 910
CALL PAGE I 70 ) INJD 920
WRITE (6090) INID 930
WRITE (60100} INID 940
LINRKT = 30 INJD 950
230 WRITE (6-1100 Jo RRUJIs THATA(J) ULY INJD 960
LINRNT = LIRKHT - ) INJD 970
240 COMTINUE INJD 980
GO TO (260+250)s DSCRB INJD 990
290 MRITE (4.120) INJD100O

WRITE (61300 (IPP(11,0PPII}oIPRITIOPRITISIPTIIICOPT(I1.151450) IKIDIOLG
CllllllKIKIXXXIXKX!!!XKKXKXKIllelleXlKIXXXXXXX!XK!XXIXIXKIxIKXXXIIXXXXlNJDIOZO
RUMMING DESCRIBING FUNCTION TMPLIES THAT THE EXPANSION INJDIO30

C COZFFICIENTS AVHs BVMs AND CVYN ARE FUNCTIONS OF THE FREQUENCY OMEGALINJD10&D
< THEREFGRE, AN OMEGA LOOP MUST BE ESTABLISHED, OTHERWISE, THIS LOOP INJD1ASH

€ 15 GOME THROUGH OHLY ONCE. INJDLDO60
CRXXMAXRRURXKANMYRXKRRRAMH MR RAXAR KR HARNCOOOURK L AKX KRAAX XXX KUK R KX KKXRXA T NID1070
260 DO 470 W = 1o XKW INJD1080
HWCR = WC{IW) 1NJD10S0

VOO = POOD/{GANMASUCR) INJD1100

:uu:; ° :.g INJDI1YO

e 06 INJDIY20

SUNT = 0.0 INJD1130
LINKNT = © INJD1140

DO 230 J = 1 ME 1NJD1150

R = RRUJI/RIRY 1NJD1YSO

ETA = UCJ) /7 (RMaNNY 1NJDI1TO

4 & et ¢ 09882 1NID1IB0
[4 THE CALL 70 BESSEL RECUIRES TWE DEFIMITION OF THME REAL PORTION 1NJDI190
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THE ARGUMENT, Z(1)e AND THE IMAGINARY PORTIONs Z(2),

POR
GIVEN ORDER Vo, THE OUTPUT OF BRSSEL GIVES JOR(Z1). JOl(llh JIR(Z1) s
J11(Z2)e eoeso JVRIZ1)e JVIIZ21s THERZFOREs THE ANSWERS WILL BE
STORED IN THE FOLLOWING FASHION, JiV=1) = FIRST(L}s J(V) =
FIRST(M)s AND JIvel) = FIRSTI(N),

IxXakakaKaXsl

270

280
290
300

310

KERR = 0

Z(1) = SYN#R

Z(2) & 0,0

CALL BESSEL ( FIRST(1)s SECOMD{1)s KKe Z(1)» KERR )
IF ( KERR ) 27002702380

SIVN = FIRST(M)

DSIVH = ( YEFIRST(M) ~ 2(1)1#FIRSTIN) /R

Zi1} = SVN

212) = 0.

CALL BESSEL t FIRST(1)s SECOMD(1)e KRe Z(1)e KERR )
IF ( KERR ) 2802280930

GO TO (290,320)s TIME

IFL R 300+500+310

D = { FPIRST(MISFIRST(M) + FIRSTILIAFIRGTIL) ) / Red

- G0 TO

1NJD1200
INJD1210
INJD1220
1NJD1230
INJD1240
14JD1250
INJD1260
INJD1270
INJD1280
INJD1290
INJD1300
INJD1310
INJD1320
INJO1330
INJD1360
1NJD1380
1KJD1360
IRJD13TO
INJD1380
1HJD1390

D14 00

320 IN
D e ( FIRST(M)BFIRST(M) ~ FIRSTILISFIRST(M)193,14199/(2,08DATA(S)1INID1ALO

320 IF ( 12217 ) 3309560+3460
CXHXNAAXHXXKXAXAXXXKXXAAXAXARXAXXXXO XX XL XARRRAAXAKXXKAKAAXXAARL AR X XAAXS INIO1430
C 12217 IS NEGATIVE FOR STANDING MODES AWND POSITIVE FOR SPINMIMG MODES IMJID1440
CXKXXXXXXX!XXXXX!XXXXX!XXXXXI!X!XXXXXlllllllllllll!l‘lll!lllllllIXXXIXIX;:JDIQ!O

330

340

350

2360

370

3ao0
390

400
410

430

440

450

470

480

490
500
510

520
530
540
330

560

VT = VETHATA(JSS
CVY = COSIVT)
SVT = SIN(VY}

GO TO 330

CVT = 1.0

SVT = 1.0

FP = 1,0

FR = 1,0

FT = 140

GO TO (520+380)» DSCRE

PO = ABS(POOESIVNaCVT)

VO = ABS(VOO*DSIVNACVT)

WO = ABS(VOO#SIYNSVHSVT/R)
A= =3,1413%9

8 = A

IF  TFLP 3 37003800370
SAVEP = 1,0/(3,141598PC8TFLS)

CALL INTGRIA+BoPST+RUMAR)
CPSI = COS(PSI)
IPX = POSCPSI
CALL INTACIPP(1), OPP(1)s IPKo OPX)
F = OPXSCRS]
CALL INTES(FsINTEGSEL oMM}
FP = SAVEPSINTEG
IF { TRLR ) 290+4000350
SAVER = 1,0/(3,141890VOSTFLR)
CALL INTGRIAsBsPSTsNUMBR)
CPST » COSIPS])
IPX = vOeCPsI
CALL INT4 (IPR(1)s OPRI1)s IPXs OPX}
F = OPXSCPSI
CALL INTGS (Fo TNTEG, E1, M)
FR = SAVER®INTEG
IF € TPLT ) 5100420410
SAVET 5 1,0/{3s161990VTRTFLT)
CALL INTOR(A+B:PS]oNUNBR)
CPSI = COS(PST)
IPX = WORCPSI
CALL INT& (IPT(1)s OPTI1}s IPXs OPX)
F s OPXACPS]
CALL INTGS(FsTHTEGoEYs MM} .
FT = SAVETSINVES
TERMP = ETASEPASIVNES24CVTOS2
SUMP = SUMP + TERMP
TEAMR = ETASFR®SIVNSDSIVRSCYT#a2
SUMR = SUMR + TERMR
TERMT o ~ETASFTOSIVH®E28CVTSVSSYT/R
SUMT = SUMT + TERMT

TIME = 2
GO TO (450,430)s DSCRA
1F ( LINKNY +6Ts 0 ) GO TO 440

CALL PAGE ( 70 )

WRITE (6410)

LINKNT = 30

WRITE (6+20) WCRs Js Re THATA(J)s ETAe PP, FR, FT
LINKNY = LINRNT - 1

CONT INUE

oD =D

1F (12217 ,GT. 0) PO = D/2.0
AVN{IM) = SUMP/DD

BVN{IN) = SUMR/DD

IF (12217 +GT» 0) GO TO 460
CYNR({IW) = SUMT/DD

CVNI(IN) = 0.0

GO TO A70

CYNRLIW) s 000

CYNILIW) = SUMT/DD

CONT INUE

IF (CE +LTs 1040 } GO TO 830
CALL PAGE ( 70

WRITE (6030)

GO TO (480:4%0)s DSCRE

WRITE (6,500 AVM{1 Yo BVNIL1 )s CYMR(1 )y CVNI(] )
GO TO 500

INJD1420

JD1460
INJDI&T0
INJD1480
INJD1490
INJD1500
INJD1S510
1NJD1IS20
1NJO1530
INJD1540
INJD1S5O
INJO1960
INJDESTO
INJD1%80O
INJD1890
18401600
INJDYI61O
INJD1620
IRJD1630
INID1640
INJD1650
INJD1660
INID1670
InJD1680
INJD1690
INJD1700
INJD1710
INJD1720
1NJO1780
INJDYIT740
1NJR17%0
INJD1T60
INJD1TTO
InJD1780
INJD1790
INJD180OO
INJDI01O
INJD1820
INJD1830
1NJD1840
1MJD1880
IND1860
INJDICTO
INJD180O
INJD1890
INJD1900
INJD1910
INJDY920
INJD1930
INJD1940
1NJD1950
INJD1960
INJD19T70
INJD1960
INJDY990
1NJD2000
INJD2010
INJD2020
18JD2030
INJD20A0
1NJD26SO
1802060
INJD2070
INJD2080
1NJD2090
1NJD2100
1RJO2110
INJD2120
1NJD2130
INJD2140
INJD2150
INJD2160
1HJD2170
1NJD2180
INJD2190

WRITE (52400 ( WC(I)o AVH(I)o BVNII)e CVNR(IV1s CYNIC1)p, I=}sNW )INJD2200

IF ¢ 12217 ) 310:580.%20
WRITE(8+140)

GO TO 330

HRITE {65150
CONTINUE

RETURN

WRITE (8,170 2(1)
GO TO 540

WRITE (84180}

GO T0 340

£XD
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S10KAP BESS LISTREFOECK 8E550010
* AP 82330020 .

PNC oM 8£550030

ENTRY BEssEL BESS0040

L8L BESSEL o X BESS6050

L4 CALL BESSEL (FIRSY SECOND+No+ARGIXODE ) - BES30040

. BESS0070

L] FIRST o FIRST LOCATION OF ASCENDING STORING SEQUENCE POR JNiZ)s BESSOCEO

* OR INtZ)e BE£330090

* SECOMD » PIRST LOCATION OF ASCENDING STORING SEQUENCE FOR YN(Z), BESS0100

L OR XMiZ)e BESSO110

& L] * NIGHEST mumw. ORDER DISIRED FOR BOTH JH(Z) AND YH(Z). BESSO120

- OR IN(Z) AND XM(Z)o 8580130

L] ARG ® LOCATION OF 2 o KoloV WITH XoARG(1) AND YoARGIZ2). BES50140

14 XODE s +0.COMPUTE JNIZ) ARD YN (2)o B8E3SQ150

L4 LESS Z2EM0,COMPUTE IN(2) AND XN{Z)e 8E550160

* OIMENS JONS AZQUIREMEZNTS FIRSTI300) o SECOMDI 2042 9ARG(2} RESSOLTO

¢ aE330190

COMMON A8 26 REL

BESSEL SXA 88494 BESS0200

$XA 8349191 BESS0210

SXA 8846242 RESS0220

™1 BES8) 0492 8£850230

8E381 CAL 1ok BESS0240

STA D!Sslbl 8ES50250

CAL 244 8E£3550260

ALS 10 BESS0270

£3{:] BESSPel BE350200

LDOs 3ok BESS0290

sTo BESSF2 BESS0300

CAL® S5eé BESSOs10

TP BESSFaY 8ES30320

CLA L1 ) BESS0330

STA BEss? BESSO840

ADD =] 82850350

STA aLsss BESS0360

BESS2 CLA L4J 8ES550370

Lbo 8,8E=8 8550380

e [ 1413 ] 88350390

TRA [{ (1} SES50AG0

nEssy LDQ e BESS0410

RESSF TSX BFOF.4 BESS0420

p2E LTl 4 LiJhaoltY) SESS0A30

e " N BESSOAGO

TRA ERRR2 ERROR, s GPOF 8¢5304%0

X0 0,0 BESSOAG0

884 AXY L2111 BESSOATO

AXY Lad2} BESSOMS0

AXY bad BESS0A90

STO8 Tob BESSO500

TRA 1eb 8ESS0510

ERRRY CLA L3 RESSDS20

B8ss BESSO530

ERRR2 CLA =2 BESS0340

ass . BESS0%50

- l!ll ALL ORDERS OF TME SESSEL PUNCY lﬂl Y SUB K TIMNRS (X) 8E550360

* AND J SUB K TIMES (Z) FOR COMPLEX 8es50370

srar 871 L4} . 8ESs0580

Lot 1ok 8550890

LT 400000 BESS0600

XCA B8ES30610

SXD 620+1 BESS0620

$X0 621,2 BESSO630

sxp 62204 BESSO840

570 COMMNON+15S BESS0650

$T0 COMWONS1 6 NESS0440

CLA [ BESSO&TO

sY0 ct RESS0480

CLA 8 BESS06%0

s§T0 CLel 8530700

CLA TRAL sEssorlo

sT0 ? 82850720

EFtM 82380730

R23 CAL 1e4 BESSOT40

sTA [ 4.3} BEZS30750

com 2€$%0740

ACL L11 sEssoTY0

sT0 COMCNS3 T RESSOTEO

CLA 204 RESCGTIO

ALS 16 ALS50800

ST0 OFR1 BESS0810

CLA COMMON+1 5 AE3S0820

LoQ COMMONS1S BESS0830

T8 BIFTIFs BESSOB40

arR} r2g 220200080 8830830

620  TAL BN e0ae BES30850

Lba COMMONS1S BES30870

(13 e COMMON+13 BESSO880

$70 COMMONSGS BESS08%0

LDO COMIONG16 BESS0%00

rop COMMONS16 BESSO910

PAD COMMOR+3 BESSO%20

OR LOCs 8E550930

310 Cmos BESS0940

LA COMMONOS BESS0950

CALL ALOG(COMMONSS ) 3ES$30960

TRA 32141 8E£350970

623 XL BPOX2002 82530900

POM  LOC2 82530990

XCA 82531000

FAD ojLeR BE331010

870 COMBEONSS L% 1L BESS1020

LoQ COMMON+1 & BE$$1630

CLA  SHcon #E331040

Les [ BESS1050

e R2 BESS1060

TRA  R3 BESS1070

R2 Lbe COMNONGIS BESS1080

LA PIv2 8ES31090

s o BESS1100

G622 ™ Rbo0e® 8Es51110

L3 ] [4%) COMNON+1 & BESS1120

FO® COMMGH+19 BE331130

579 COMMON 8£381140

CALL ATAN(COMMON} PESS11%0

Loo COMmIONs19 BESS1140

To® 1Y BELRLITO

svo COMNON BESS1180

CLA Let BESS1190

100 [ 1317 82851200

s [ 8e331210
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FAD COMMON BESS1220
R& 810 COMMON+9 BESS1230
LXA COMMON+17 01 BESS1240 -
CLA 041 BESS1250
Log 1s1 BESS1260
78X MULTs4 BES$1270
STO  CONMON+& BESS1200
STQ  COMNON4S 8£S81290
sTZ COMMON+8 BESS1800
sT2 COMMON+9 8E551910
LXD A3802 8E351320
X0 8682 BESS130
883 LA Loc1 BESS1940
R10 510 CORMON+S 82381950
FAD L0Ccl BZE51360
STO  COMMONS? 8ESS1370
CLA (13 BE$51380
poa rop COMMON+T 2E351390
sre COMMDN1 8 B8E331400
CLA 451 BESs1410
Fos COMMON+E 8881420
sTo COMMONS1 1 BESS1430
CLA COMMON+11 BESS1440
869 SR CONNORO1S BESS16s0
FAD COMMON+E BESS1460
$70  COMOmeS 82581470
CLA o1 BESS1480
868 Fop COMMON+? BESS1490
STQO  COMMON+11 BESS1800
Ccta 8.1 8E£s81910
FoP COMMON+6 BE§S1920
sTe COMMON+L 0 SEAS1930
CLA COMMON+10 BESI1S40
.14 rss COMMORS 1.1 8E€351590
Fap COMMON -2 BESS1560
STY0  COMMONSY BESS1S70
CLA CONMDN+S SEE31500
o Loc2 BESS1590
) ™1 B68s1s-8 BESS1600
(1Y) TRH  R10s+1s0 §ESS1610
260 LDR  COMMONS - 82881020
Fup Locz - agss1630
L) ¢ . BESS10A0
XCA SE£833680
[ Tve1 BESS1660
LXD  COMMOMG1T»2 BE3S1670
LEA  COMMON®1T,1 351600
S0 0.2 (373 381490
LBG  COMMORSS B8E351700
e L6C2 sEs81710
FAD COMIONSS 8E8S1720
ACA BESS1730
M TeRl S8ES81740
130 192 Ve sessLrs0
LXD 82244 sU551760
CLA 240 BESSITTO
128 [1344 BESS1TN0
TSX YMRes BESS1T90
LXp G2208 8L$31060
CLA 208 atsa1e19
LRS 1 PESS1820
(217 exty es81830
LLs 1 BESS1040
com BESS10%0
Act L1 BESS1060
ALS 1e 21076
ACL COMMOR+1T ~LCYSUBNY BESS1880
=1 AB80s1e~2 82381098
Asge  TXI B71e20~2 BESS1900
B71 L3 RIS BESS1910
$TD a7% BESS1920
cLA COMMONS1E sess19%0
e LSIX RESS1940
LS [ 8£581950
e  mETKE BE€581960
CLA L2 BESS1970
R14 a0 LOCL BESS1980
S0 COMMBN4S arss1990
ACL c2 8£552000
[30) COMBN+E stssze010
L3173 CONMON+S pESS2020
CLA COMMONSL S BESS2030
Lbe COMMON+1 6 BESS2040
TsX DIVea 93832050
STO  COMMON+S 8E552060
sT0 COMMON+9 8E852070
CLA 0s2 BESS2080
Loo 102 BE352090
SX MULT +4 8ESS2100
$TQ  COMMDNGd BESS2110
F21 Fsa 0202 BESS$2120
sT0 242 8832130
CLA COMMON+8 8£SS2140
() 0=1+2 nESS21%0
$T0 392 BESS2160
CLA COMNON+S BESS2170
=1 R18s20m2 AESS2180
R1S TXH Ride2e% BES5S2190
YMX AL EXIT»004 8ES52200
METM2  TSX YM22s6 BESS2210
143 B8T8010e2 BE5SS52220
874 ™t B73s29w2 BESS2230
B75 TEH  METHM2020# 8ESS2220
EX1T XD 62204 BESS2250
TRA pra BESS2260
.11} LXD 621s2 BESS2270
LXD 62001 BESS2200
cLA ct BESS2290
sto 0 8£S52900
CLA CL+1 BESS2310
870 ] NESS2320
TRa s394 BESS2330
arex CLA COMMON+15 BESS2%40
LD COMMONS16 62382330
LXO 62204 BE882350
1 B80s4o1 *2382970
2 X0 YHR 08 BE582360
eLa Vel B8E352390
$70 COMMIONSY 8E382400
s72 COMBRD |ES82410
CLA COMIDHE S 82883420
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YM22
YMS

LOC&
OILER
LSIX
Piv2
LPI
VPl

AF8

AFes

RESSY

BESSE

BESS?

RF81
BF82

5TA
ARS

cLS*
Fspa

Fsae

ST0®

cLse
FAp®
XCA
FMp
XCA
CLS»
STQ*
FSpe
XCA
FMp
5Y0=
CLS*
LDOs
STO*
5TQ%
TNX
™t
CLA®
FAD®
XCA
FMp
STO*
cLS#
STO®
FAD#®
XCA

STO#
LS
STO®
THX
™1
CLA®
Fsa»
XCa
Fup
XCA
CLA®
S$TQe
FAD®
XCA

STO*
cLse
LOG#*
ST0®
STOe
TNX
™1
P2F
PIE
PLE

Report 20672-PIF, Appendix B

COMMON+16
DIVes
COMMON &
COMMON+T
MY
YMX o b
COMMON+6
COMMON+7
COMMON+8
COMMON+9
Os1
191
0lVee
COMMON
COMMON+1
201
COMMON+B
3.1
COMMON+9
0s1
1e}
DIVsa
COMMON+8
COMMON+9
0s2
1e2
MULTos
COMMON+3
COMMON
2¢2
COMMON+3
COMMON+1
342
YMX s &
14
be
1000001
5772156649
be
1057079632%
301415926%
063661977236
2

BF83+1

BF8S

B8F83+1

RANs1s1
BRF559424~2

BF82

BF83+]

BF8S

B8FB83
8F83
BFB2+)

RF8S

BF83+1
8F82

BF82+1
AFB2+1

BF82
B80e141

BESS6e29=2

BFA2+1

BF33

B8F85
BF83
BF82
BF§2
L1d 5221

BFSS

8F83+1
BF82+)
BF82+1
8801141

BES5S7026e~2

BF82

8F834)

AFAS

AF83
f8F83
AF82+1

AF8S
BF83+)
BF82+1
BFR2
Ars2
BF82+1
R80s1s1
BF864+29~2
[T
#8002
28052

EXIT
LiJs

L+l
Lty

LY+l
-1J
~RY

RKO

-1y
1Ko

-R
1Y

~RY
RK1
-1J

x1

RY
RK2
-RJ

1y

-1y

RY
RK3
1J

1x3

TADICATORS
Lt
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RESS2630
RE£52640
RE §62450
BE552460
BESS2470
BESS2480
RESS2490
RESS2500
BES52510
RESS2520
BES52530
BESS2540
BESS52550
BESS2360
BESS2570
RESS2580
BESS2590
BESS2600
BES52610
BES52620
BESS52630
NESS2640
BESS2650
BESS2660
BES52670
BESS2680
BESS2690
BESS2700
BESS2710
BESS2720
BESS2730
BESS2740
RESS52750
BESS2760
RESS2770
BESS2780
BESS2790
BES52800
BESS2810
BESS2820
BESS2830
BESS2040
BESS2850
RESS2860
RESS2870
RESS2880
BESS2090
RESS2900
BESS2910
AESS2920
8E552930
RESS2940
BESS2950
RESS2960
BESS2970
BESS2980
RESS2990
AF 553000
BESS3010
AE€$1020
BESS3030
BESS3040
BES53050
BES$3060
BES53070
BESS3080
BES53090
RESS3100
AF$S$3110
BESS3120
BESS3130
BESS3140
RESS3150
RESS3160
BES33170
BESS3180
BESS3190
BE$S3200
"F$53210
BESS3220
RESS3230
RESS3240
AESS1250
BESS3260
BESS3270
BESS3280
BESS3290
BESSIA00
BESS3310
BESS3320
BESS3330
RESS1340
BES$S3350
RF<$53360
BES51370
PESS3380
BESS3390
BESS3400
BESS3810
BESS3420
BESS3430
BESS3440
AES<3450
BESS 1460
AFSS3470
BESS3480
RESS1490
RESS3900
RESS1510
BESS3520
RESS53530
BESSI540
BESS3550
BESSI%60
RESSISTO
BESS3580
BESS3390
AESS3500
aFc3810
BESS3820
BESS3630



8F83

B8F84
BFAS
BPIF

A21

xRl
AS3
F23
Al19

A22
XRs

Fas

F1

A23

A24

LY 1]
ABY

BFTY

FF20

Report 20672~PIF, Appendix B

PLE #8002
P2E #8092
DEC 1

DEC 1.37079633
sT0 COMMON+3
stTa COMMON+6
SXb ARG s 4

SX0 COMMONS14462

SX0 XRis1
o

CLA

sT0 LFST
CLA 8

sto LFST+1
CLA TRAL
sT0 8

ErTH

(3%} 14
TRL A21

s COMMOR+S
Lbe COMMONKS
sTQ COMMON+6
sTo COMMON+S
CLA COMMON+S

Lbo SMCON
LLs 0

e AS3
Lbe TEN

TXL  AL19+0e®
CLA  COMMON+6
FOP  COMMON®S
LA LTNS

Lths O

STQ  COMMONeT
o Fi

CLA  COMMON+&
TSX  HY3F,a

TXL  ERR2,0.%
STO  COMMON+3
STO  COMMON+&
CLA  COMMON+S
CALL COS{COMMONHS)
XCA .

FMP  COMMONS3
STO  COMMON+3
CLA  COMMONSS
CALL STN{COMMONS)
XCA

Fup COMMON+A
CHS

sv0 COMMON 4
CLA COMMONSS
[R. -] COMMON+6
sSSP

LRS 0

TG A23

ACA

sTO0 COMMON+9
XCA

Fup L3V2

stTo COMMON«D
tLxp XR& ek

CAL 134

con

ACL L1

STA COMMON
ALS 10

sTo Al0

CLA 1e8

ARS 1e

ssp

ADD cl

FAD Cci

LoQ COMMON+S
LG A26

CLA COMMON+8
FAD TEN

UFA

ADM L1

ADM COMMON

STA COMMON+2
18

STD AbY

570 A32

sTD AAS

§TD Aas

CLA COMMON+9
T2E BR7X

CLA COMMON+6

LDo LOC2%
TLe -AGS

CLA A2

TRA ALY

CLA A21

LXA COMMON+2¢1
sTO 241

sT0 3.l

812 4ol

5T2 541

CLa COMMON+1
FAD Loc1

s70 COMMON<1
ACL c2

s$10 COMMON+S
§T2 COMMON+9
CLA 2,1

Loo 3s1

TSX MULT o4
570 COMMON+8
$TQ COMMON+9
CLA COMMONSS
Log COMMONSE

TSX DiVas
s$T0 COMMONS10
FS® LI}}

Lty)

PI/2

TAK{ARG)

RUCOS(ZY)

ticos(zy)

320

(=J)

FLOATING M

N PRINEMAX(3/2PoN)+10

~{J*2NPR+2)
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BESS3640
BESS3650
BESSI660
BESS3670
BESS3660
BESS3690
BESS3700
RESSITIO
BESS3720
BES$53730
BES33740
BESS3750
BESS3760
BESS3TT0
BESS3780
BESS$3790
BE553800
BESS3810
BESS3820
BESS3830
BESS3840
BESSIBSO
BESS3860
BESS3870
BESS3280
BESS3890
BESS3900
BESS3910
BESS3920
BESS3930
BESS3940
BESS3950
BESS3960
BESS3970
BESS3980
BESS3990
BESS4000
BESSA010
BESS4020
BESS4030
BESSA04A0
BESSA030
BESSA040
BESS40TO
BESS4080
82854090
BES34100
8ES84110
BESS4120
BESS4130
BESSA1A0
BESS4L50
8ESSAl160
BESSH170
BE3SA180
RESSALIS0
BESSA200
BESSA210
BESSA220
BESSA230
BESS4240
BESSA280
BESS4260
BESSA2TO
BESSA200
BESSA290
BESSA300
AESSAS0
RESKA320
BESSASYO
BESSA40
BESSA3S0
BESSA360
BESS4370
BESS4380
BESSA390
BESSAL00
BESSAALD
BESSAA20
BESSAASN0
BESSAAAD
BRESSAA30
BESSA860
BESS4470
BESSH480
BESS4490
BESSA500
BESS6S510
BESSAS20
BES54530
BESSASA0
BESSAS350
BESSAS60
BESS4570
BESS4%80
BESS4390
BESS44800
BESSA610
BESS4620
BESS4630
BESS4640
AESSA630
BESSA&H0
RESSALTO
RESSA680
BESS4690
BESSATO00
BESSA10
BESS4720
BESS4730
BESSATA0
BRESSATS0
BESS4760
BESS4770
BESSATEO
BES3&T790
BESSAB00
8ESS4810
BE3IAB20
HES3AB30
RES34840



Report 20672-PIF, Appendix B

1 Nel BESSB50

CLa COMMON +) 0 RFSS54860
fon fel LUECYY 2 {0

o 1) RESSLBAO

LA COMMON ¢ ] AFSSLA90

FeR tarm RF 54900

Txr ALl aF654910

Arn TXL AFTY o] o - BES54920
LA LTINS RESS4930

a6 Lna COMMNNAST aF$S4940
1 xa COMMON ¢ | AF554950

512 COMMON+10 BE 556960

572 COMMON+TY BESS4970

LIN] L] BESS6980

cLa LFsR4 BES54990

TRA [YS] RE$S5000

a60 CLA (LFADG 8Esssolo
anl &T0 A62 RESSS020
ACL () BESS5030

570 LY %} RESS5040

s LA Nl AESSSNSO

YY) HPR BFS55060
FAD COMMON+10 BFSS55a70

sY0 TOMMON+1Q BESS3080

LA 11 BESS3090

A63 o BES5S5100
o COMMON+11 RESS5110

EE] CAMMON+ 11 BESS5120

Tx! A32s14~B B8ESS5130

897 TXH ABSs1e@ BESS5140
LXA COMMON 1 . BESS5150

XCA RF€S5160

FMp LACY RESSS170

F&R el qFSS5180

sTO COMMON+11 RESSS190

Ltna COMMON+10 BESSS200

PR Loc2 BESSS210

Fn 041 AEC€5220

870 COMMON+10 BES55230

cLa TOMMON T RESSS5240

LDa LTNS BESS%250

TLQ A3 AESS5260

cLa Lo AESSs270

eTn COMMNNSGS RFS55%280

7 COMMON+4 BESS5290

A1y CLA COMMON+ % RESS8300
Lon COMMON+ 4 B8ES5%310

570 COMMON+8 RESSS320

570 COMMON4+9 RESSS330

CLA COMMON+10 8ES553340

LoQ COMMON+11 BESS5350

TSX DIV42ske RESSHIA0

5T0 COMMON+8 RESSH3T70

sTQ COMMON+D AESS5780

ara LA el BESS3390
Lne Tel B 5S84 00

78X MUL Tk AFsS8410

s1n Nyl RESSS5420

€10 e . AESSSL0

Tx1 2484 )0=2 BESS5440

[YY] TXH A34s]e® BESSS4 %0
LXA COMMON+2,41 RES55460

LXD LZs2 AECSK4T0

A37 sTZ 01 RESS5480
™1 A5 424=1 RESS5490

[RLY ™1 Aihele=1 BESS5%00
416 TXH A1742 48 AF 58810
txn XPG sk aFcs5820

rea Tea RESS5530

TRy n? AFS$8540

LX4 CRMMON 2 AFS55550

A9 (481 242 RE<55560
Lpn 3,2 RES555570

SIQ 2+2 RESS5580

512 3¢2 AESS5590

cLs 4e2 BESS3600

sT0 b2 BESSS610

s 5.2 BE5S3620

510 5¢2 RES$55630

CLS T2 RESS8640

Lho 692 UF S S5/ 50

sTQ T2 RE<S5660

STO He? RESS58670

X1 A38e e=p AESS5680

A3B TXH 4394244 BES55690
n? LXD ARGk BESS5700
au0 LxXD COMMON+14+2 BESS55710
Lxo XR1»1 BESSS5720

LA LFST AFC 55710

34¢) 4] uf - £5T740

cLa LFST4+1 AF 555750

£33 L] L] aF 555760

TRA e AF 58770

FRR2 cLa COMMON+ 5 RESS5780
[Wale} COMMON+6 AFSS5790

L X0 XRG04 B8E 555800

™x1 Ablokel BESS5810

RFTX LXA COMMON . | RESS5820
a Locl HES5%830

sSTO 0s1 RESSS840

a4? sT7 11 RF-FCRARY
™! AbYelerl RESS5860

LY TYH AkDolew arsgsaTn
MULX TXL DTe0s# BESSSBA0
Nty aTn COMMONSI 0 RFSSK890)
570 COMMON+1 1 AESS5900

<sp AFSS5910

LRS 0 RESSS920

Ta Ll RES55930

XCA BESS5940

12¢ FRR2 . RESS5950

Qs COMMON+10 RESS5960

nhan Fpp COMMON+11 AESSS970
nar STO COMMON+] ? c/0 RESS3980
N1y Fmp COMMON+12 BESS5990
nay Fan Ltocy RES556000
Xca RF 456010

Fmp COMMON+11 BESS6020

$T0 COMMON+13 DEN BESS6030

LN0 COMMON+12 BESSS04A0

FMP COMMON+8 AESS6050
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038
F31

D36
DEX
RR1
D37
D39

8as
D40

D&l
F30

N&2

D&k

RR3

MULT

MT]}

MT2

MT3

MT4

SPILL

Qox

sP1

FAD
FOP
sTQ
LDO
Fup
Fsa
TXL
cLA
FOP
sTQ
FMP
FAD
XCA
FMP
sT0
LDe
EMP
FAD
FoP
sT0
L00
FMP
CHS
FAD
FOP
CLA
TRA
$T0
sTQ
Fup
sT0

Fup
$70
LDQ
FMP
Fs8
sTo
LDQ
FMpP
FAD
XCA
CLA
TRA
$T0
sSTG
CLA
LRS
Lar
TRA
RND
LBY
TRA
LLS
L8T
TRA
LDGQ
TRA®
Lbe
TRA#®
LLS
128
TRA
TRA
LLS
T2E
cLa
TRA*
CLA
TRA®
BSS
BSS
TRA
ocT
ocT
ocY
nEC
DEC
ocrT
ocrY
DEC
PZE
DEC

DEC
DEC
DEC
F5B
FAD
ocy
LAS
TRA
™1
LDG
TRA
sT0
ssP
Lbo
o
Lbo
TLQ
LDO
FMP
sT0
FAD
XCA
FMp
FAD
FOP
FMP
FAD
$T0
cLA
FAD
XCA
Fup
FAD
FoP
FMP
XCA
Fup
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COMMON+9
COMMON+13
COMMON+11
COMMON+12
COMMON+9
COMMONSS
RR39098
COMMON+11
COMMON+10
COMMON+12
COMMON+12
LoC1

COMMON+10
© COMMON+13
COMMON+12
COMMON+9
COMMON+8
COMMON+13
COMMON+11
COMMON+12
COMMON+8

COMMON+9
COMMON+12
COMMON+11
Lot
COMMON+10
COMMON+11
COMMON+9
COMMON+12
COMMON+11
COMMON+8
COMMON+11
COMMON+10
COMMON+8
COMMON+12
COMMON+12
COMMON+10
COMMON+9
COMMON+11

COMMON+12

SPILL

200777777777
1400000000
100400000000
10,
2%,
233000000000
1000000000
1.

[}

1

2
203492
2.
1e5
4
b4e1
10400000000
HY3F1
HY3F1+3
HY3F141+0s26531]
HY3F2
294
COMMON

HY3F3
1+4
HY3Fs
HY3FA
COMMON
COMMON
COMMON+1
HY3FS

COMMOM+1
HY3F6
HYIFT
COMMON+1
HY3F2
COMMOMN+2
COMMON+1
HY3F8

COMMOM+1
HY3F9
HY3F10
COMMON+1

COMRON

DEN

8D

AD

FADsFSBsFMP OsFe OR UaFa

FDP UsFye OR OoFs
OVERFLOW

OoFe

10 EXP«4
UNDERFLOW IMPOSSIBLE

OCT 163643000000 *» 1E~4
SMALL ARGUMENT APPROXIMATION

88,028
ERROR
LN 272

X SQUARED
30

X sQ
360
120

X sQ

1

COSH X
X s@
42

X sQ
840

3040
X s@
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BESS6060

BESS60T0
BESS6080
BESS6090
BESS6100
AESSE110
BESS$120
BESS6130
RESS6160
BESS61%0
BESS6180
BESS6170
BESS6180
BESS6190
BESS6200
BESS6210
BESS6220
BESS6230
BESS8240
BESS6250
BESS6260
BESS6270
RES56280
BESS6290
BESS$300
BESS6310
BESS6320
BESS6330
BESS6340
BESS6350
BES56360
BESS63TO0
BESS6380
BESS6390
BESS64 00
BESS6410
BESS6420
BESS6430
BESS6440
BESS6430
BESS6460
AESSS4TO
BESS6490
RESS6490
BESS6500
BESS6510
BESS6520
BESS6530
BESSESA0
BESS56550
BESS6560
BESS6870
RESS6980
BESS6590
BESS6600
HESS6610
BESS6620
MESS6630
RES56640
BESS6650
BESS6660
BESS66T0
BESS66680
BES56690
BESS6700
BESS6T10
BESS6720
RESS6730
BESS6740
RESS67%0
BESS6760
BESS6T70
BESS6780
BESS6790
BES56800
BESS8810
RE $58820
BESS6830
BESS6840
BESS6850
BESS6060
BESS6870
BESS6880
BES56890
BESS6900
BESS6910
BESS6920
BESS6930
BESS6940
BESS6950
BESS6960
BESS6970
BESS6980
BES56990
BESS7000
BESS7010
BESS7020
BESS7030
BESS7040
BESS70%50
BESST060
BESST070
BESS7080
BES57090
BESS7100
BESST110
BESST120
BESST130
BESS7140
BESST150
BESST1860
AESST1T0
BESS7180
BESS7190
BESS7200
BESS57210

.BESST220

BESS7230
BESS7240
agss72%0
BE3ST260
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FAD COMMON nESST2TO
TRA HYape RFR87200
WYYFA  LRS 27 COMPUTE FXPONENT IAL Brss7290
SUR HYIF1) RESST300
STA BELSS BESSTINO
MPY HY3F12 BESS7920
HESSE LAS . BESSTII0
ALS 27 AESST7940
sT0 COMMON+& BESS7350
LRS 4 BESS7340
s1Q COMMON+1 '3} BESSTITO
upY COMMONSY 418] 8ESSTIRO
sT0 CONMONS2 hrbule? BESSTI90
ADD HY3F13 8027 BESSTAO0
s10 COMMON#3 8427 RESSTA10
CLA HY3F14 12929 RESS5T420
pVP COMMON+3 8427 BESSTA30
S0 COMMON+3 131 BESS7440
LOG COMMON+2 8427 BES57450
KPY HY3F1S 0438 BESST460
LLS . 93] BESSTATO
suB COMMON+3 (3331 BESSTASO
ADD HY3P16 (X3 11 BESSTAS0
SUN COMMON+ 481 RESSTS00
sT0 COMMON+? 4eM BESSTS10
cLA COMMON 41 8431 (20} BAPSS1820
Loe WYIF2 RESSTSS0
voP CONMON+S 40127 BESSTIAO
XCA B8ESST7850
oRa HY3IF1Y BESSTS40
FAD HYIF2 BESSTSTO
ADD COMMON & BESS57880
sSuB WYSF18 EXP X IN AG, DIVIDE BY 2 BESST590
570 COMMON+A BES57600
CLA HYSP19 174 BESSTEL0
fop COMMON+«& EXP x/2 BESSTE20
510 COMMONS1 PXP ~x 12 BESSTAS0
XCa BESS7640
FaAD COMMON+4 BESSTAS0
570 COMMON+2 BESS7660
CLA COMMON+& BESSTLTO
Fse COMMON+] SIN X IN AC BESSTER0
LDO COMMON BESS7690
LLS [ SINM X TN AC BESSTTO00
HYSFC  LOQ COMMONS2 BESSITIO
TRA 204 £xir RESSTT20
HY3IF2 DEC 1,4 BESSYISO
HYSF3 DEC BR.020 BEESTINO
HYSP&A  OCT 177542710%00 LN 2/24 ERROR » 0,0000000009% BESSTTSO
HY3IFS DEC 90. SESSTTER
MY3IF& DEC 360, RESSTITG
HYIF? DEC 720, BESSTTE0
HY3FE DEC A7, AE3STT90
HYIF9 DEC 8404 BES57000
MY3F10 DEC $0A0. BRESSTEIO
HY3F11 OCY 282 BESSTH20
HYIF12 DEC 1+442695040981 BESST830
HY3F13 DEC 87.41749720208 A BESS7840
HY3P 1A DEC $17,9722695812 [} BESSTESO
MY3F1% DEC 0,036465373590380 C° BESST060
HY3F16 DEC 9495459878714 ] BESSTATO
HY3F17 OCT 201000000008 BESSTA80
HY3F1a OCT 1000000000 aESsST890
HY3F19 DEC 0429 AESS7900
END BES5T910

SENTRY V8050

SDATA
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"MATN" PROGRAM, DECK = V8050

CALL CHAMBR

CAILL INJECTR

NOTE: SUBROUTINE CHAMBER PERFORMS MOST OF THE LOGTCAL AND CONTROL
FUNCTIONS OF AN AUTONCMOUS MATN PROGRAM, CONTROL TS RETURNED 70
THIS PROGRAM TF AND ONLY TIF AN TNJECTOR ROUTINE TS REQUIRED,
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THTRY = CHAMER

DECK =  CHAMPER
1of 3

7TRO STORAGE, FOR
TNPUT DATA

110 o +... - = = = = =0 START OF NOV (ASF

ZERO CONTROL CODES

THPUT ROUTTIE :
@ ---- READ CHAMBER, 107777 T A
FOR 1" CASE,

TLFING LOGIC FLAGS
A RUNy..e... J RUN

(1) as "m: DAiA AREA “TII RE “PTTTEL
OVER BY A NE LINK.

!—;-J

PLACE FREOUENCIES FOR DESCRIBING
FUNCTION TNTO UTTER COMMON
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DECK = CHAMBER

2 of 3

RESTCRE CHAMBER DATA WHICH
wAS SAVED BEFORE ENTRY TO
INJCTR PROGRAM.

—— U~
T

MOVE Anh’ Bnh’ Cnh FROM UrER COMMON

TO DATA BLOCK FOR "TRANS" CR "DDD"

G ———

F
il — CRUN

T

SET UP INPUT DATA FOR "CCC"

107718

CALCULATES i

1

HOVE OUTPUT FROI "CCC" TNTO MOVE OUTPUT FROM "Coch
INFUT BLOCK FOR "TRANS™" INTO INPUT BLOCK FORM"LONGL"

II\
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DECK = CHAMBFR
3 of 3

SETUY INPUT TO "TRANG™

CALCULATES HR, HI
L QUTPUT FROM "ITHANS™
TO INPUT BLOCK FOR "DDD"

SET UP IN“UT DATA FOR "DDD"

CALCULATES HTR, HTT TF HNO™ H ®UN;
EXPANDS TABLE TO LO "OTNTS

o

CALCULATES (m, T°) FOR
EACH FREQ. USIHG HTR, HTT
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ENTRY = GEMMEG

DECK = WGEN

GRIFRATE TEN FREQUENCTES

0.95<v <11 §

v (2) =-10

Page 112

LONGTTUDTNAL MODE TF SNH Tli-
PUT NEGATTVE3 GENERATE "R7-
OUENCTES ABOUT ARSCLY™ ATITF

AFD SET SNH = 0,0

IMDICATES FREQUENCIES
HAVE BEEN GENERATED
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ENTRY = TRANS
DECK = HVMN
lof 2
ENTRY
H RUN = CH=20

PRINT INPUT DATA

-

SET HUMBER OF Z-TNCREME

" CALCUIATE LOW-ORDER TABLES
Zy, U (Z), du uL(Z)’/D (Z)’/Oc (Z]

Q (2)

T

oCALCULATE HIGH-ORDER TABLES

d dp, d dQ s , ete.
v g T Yy ‘
E;?, =
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DECK = HYMN
2 of 2 @

BEGIN CALCU&ATIONSzFOR EACH FREQUENCY:
= 9 - W
nh

EVALUATE 6 INTEGRALS BY SIMPSON's
(OR BOOLE'S) FORMULA;
CALCULATE FIRST-ORDER SOLUTION o, B

I
— F R
T

CAICULATE SECOND-ORDER SOLUTTON
~ HTR, HTI
INCLUDING INJECTOR BFFECTS

IND OF FREQUENCY 10O™

PRINT OUTPUT:
Wy By, B
OR

Ty Hyy Ho, Hpp, Hpp

= 200

> 200

DUMP TABULAR FUNCTIONS

RETURN
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ENTRY = DDD
DECK = HTINT

PRINT INPUT DATA

o
T
I

FOR FACH FREQUENCY, ',
CALCULATE HTR, HTT

—

SAVE ONLY THOSE ENTRTES
FOR “HICH HTR > 0
(FRROR RETURN IF NOWE)

EXPAND TABLE
(BY INTERPOLATTON)
TO LO POINTS

<10
. cD

10

PRINT OUTPUT TABLE
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ENTRY =  ©CCC
DECK = NgZMIT

=2

VELOCITY POTENTIAL
TABLE AND MACH NO.
ARE BOTH INPUT

DESIRED MACH MO,
IS INPUT TO
NTBT,CAL"

MACH NO, WTLI BE
CALCULATED BY
"TBLCAL"

et
s

<199 a

>199
DUMP VELOCTTY POTEN-
TTAL TABLE
o

SOLVE EIGHT SIMULTANEOUS
DIFFERENTIAL EQUATIONS BY
ADAMS METHOD (SUBROUTINE
NADMINTH)

N0 ¥OR EACH
FREQUENCY

COMPUTE AND STORE NOZZLE
ADMITTANCE COEFFICIENTS

>9

PRINT OUTPUT RESULTS




ENTRY
DECK

=

TBLCAL
VELPZT
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ENTRY

FOR EACH OF KN STATTONWS 7,
CALCUIATE RADIUS R (Z),
AND ARFA A (Z) FROM TNPUT
li0ZZLE GEOMETRY.

CALCULATE TARLE AP VS, AM
(AREA VS, MACH NO,)

FROM TSENTROPTC FLOW
RELATTONS

|

WOR FACH A (Z) TNTERPOLATE TN

A", AM TABLE TO FTHD CORRES-
PONDING MACH WUMBER.

1

DETERMINE SQUARE OF REDUCED
VELOCITY FROM MACH NUMBER

l

CALCULATE VELOCTTY POTENTTAL,XX

- 2K z
X = R“‘"th f v 4z
Q
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ENTRY = LONGL
DECK = L@NGIT

ENTRY

DETERMINE EFFECTIVE STATION, XX,
FOR CONCENTRATED COMBUSTION

' EXPAND TABLE OF FREQUENCIES,

(INSERT FOUR FREQUENCIES
BETWEEN EACH INPUT PATR)

DETERMINE O‘R s S FOR EACH

FREQUENCY

FOR EACH FREQUENCY, CALCULATE
AND RINT g7, o
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DECK = NTAU
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PRINT INPUT TABLE
HTR, HTT

2 HTI

T« tan? (HTI )
7= Ty
(CHECK QUADRANT)
=" L . 1000
Tms " v ,Wg,o___ 5

<9

9

FRINT OUTPUT
(72,7) TABLE

—

BUIID TABLE OF d %2z vs W

aw
INTERPOLATE FOR
Wy =W (aZ = o)
dw

DETERMINE Hyp, (4 ), Hpp ()

CALCULATE 7Z(wm), 2;13 (’wm)

I

PRINT MINIMUM VALUES

Page 119



Report 20672-PIF, Appendix B

ENTRY = INJCIR

DECK = INJ
F

|

READ TAFE 13
ZERO STORAGE FOR (DATA FROM PREVIOUS CASE
INJECTCR INPUT HAS BEEN SAVED ON SCRATCH

DATA TAPE (13)
]

@ ..... READ INJECTOR
 DATA

i

SAVE DATA ON SCRATCH TAPE |
(13) AS PART OF INPUT
MAY BE DESTROYED

RETURN TO "CHAMBR"
VIA '"MAIN"
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CALCULATE OX, FUEL AREAS
FOR EACH ELEMENT TYPE

DETERMINE RADII SUCH THAT
EACH ANNULAR SECTOR HAS
EQUAL AREA

CALCULATE VEIGHT FLOWS
(1) OVERALL
(2) EACH EIEMENT

|

MISCELLANEQUS CALCULATTIONS

RECOVER INPUT DATA FROM
SCRATCH TAPE (13)

CALCULATE ~#!FOR EACH
FLEMENT

SAVE _#4: FOR "INJDIS"
(SCRATCH TAPE 13)

DETERMINE —#%: (r)
FOR EACH RADTAL BAND
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LHYRY = IRJDIC
DECk = JUJDS

>99

RINT THIUT
DA'CA

TOR TACT

AT

v, = Jy (;:;VH' 1)

VI '

Yo

R VI
o Aaddac: Sl L)

i1

(. 1,"’“:) (‘r\/j ¢ JV-:“.TJIJ .R ¢ tx/ -

CALCULA T2 DEICITINATGR D

-
< O -= STANDIIG

C7 - cos VO
SV =gin V6
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DECK = INJDS

2 of 2

CALCULATE FR

! =
CALCUIATE FT

- > 4

ACCUIULATE NUMERATORS TOR
Anps By Coyg

END OF ELEMENTS LOO™ RETUR:
FOR NEXT ELLIENT OR CONTTEL

END OF FREQUENCY 1LOOW
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Figure 1. The General Interaction Index for Two Types of Combustion Sensitivities
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Figure 2. The Variation of the Feedback Factors Rn and In with Frequency
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0) increasing Y,

®
Constant Y,
contour

&

% _A

N

Oxidant droplet - ~—Fuel droplet
Oxidant Ib’\/ /\Kxidanf deficient
zone | zone

(a) Spray produced by tangentially oriented
injector spud

v &Q{\
AN

(b) Spray produced by rotated spud

@

dy

Figure 3. Sprays Produced by Various Orientations of the Injector Spud
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od

AR

Tnput

(a) Response Function with 0dd-Symmetry

'

Input
(b) Asymmetric Response Function

Figure 4. Examples of Nonlinear Response Functions
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2.5

w=.5
2.0 S, »=1.00

' 4
i.5 \

Figure 7. Real Part of £ Versus Axial Distance
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3
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Figure 8. Real Part of £<2) Versus Axial Distance
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Figure 9. Real Part of Pressure Admittance Coefficient Versus Axial Distance
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Figure 10. Imaginary Part of Radial Velocity Admittance Coefficient
Versus Axial Distance
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n (w) ~
T () N

€

m’H
U

0.9

Figure 1l. Typical Solutions of (w) and t(w)
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7]
2,
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FIRST o5
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Figure 13. Relationship of Various Transverse Modes on the n, t-Plane
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UNSTABLE

7 \
7 .
COMBUSTTON POTNT
~ ~ /
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Figure 14. The Shift of the Stability Zone due to Nonlinear and Velocity Effects
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I. INTRODUCTION

) -

The purpose of Phase 1 of thislﬁrogram was to determine the stability
characteristics of various injectors using high combustion chamber pressures
with the cryogenic propellants, hydrogen and oxygen. Coaxial injectors for
the most part were characterized under previous programs at Aerojet, NASA, and
other govermment subcontractors. The remaining design feature to be evaluated
on the coaxial injector was the effect of injection density on combustion
stability. This effect was evaluated during the test portion of this program

in an annular combustion chamber.

Combustion stability correlations based on Sensitive Time Lag Theory
require an accurate definition of theoretical considerations. Consequently,
part of the investigation necessary to advance current knowledge in combustion
stability was the advancement of Sensitive Time Lag Thedry. A refinement to
the basic theory was the addition of terms to account for higher combustion
chamber Mach numbers and an extension of the current model to include the

toroidal or annular combustors.
As part of the experimental program an experimental tool, the "Transverse
Excitation Chamber," was designed and the feasibility of using this tool to

measure the frequency sensitivity of a particular injector demonstrated.

Many preliminary designs were evaluated prior to the selection of the

designs fabricated and tested on this program.

Phase I was scheduled for 12 months of technical effort, but was extended

to 15 months to include additional hardware fabricatibn.
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II.  SUMMARY

The stability characteristics of two injection'conéepts to be used in
advanced injectors for high chamber pressure, hydrogen/oxygen s§stems were
determined on this phase of the program. The two injection concepts tested
were: coaxial with central oxidizer and 30° included angle fuel impingement;
and triplet injectors with 60° included angle oxidizer-fuel-oxidizer pattern.
* Analytical model developmenfs were advanced for the Sensitive Time Lag Theory,

and a research tool termed "Transverse Excitation Chamber" was demonstrated:

Analytical model developments included expansion and refinement of the
existing Sensitive Time Lag model to include annular combustion chambers and
initiation of analyses to include feed system coupled pressure oscillations

as encountered with the staged combustion system.

The second major task consisted of testing injector patterns in an
annular thrust chamber. Injectors designed and fabricated for this task
included one coaxial and two versions of one basic triplet element pattern.
The coaxial ‘injector was patterned after an injector tested on Contract
NAS 8-11741, except that the injection density (total propellant flow rate per
projected injector face area) was nearly doubled. The triplet injectors were
patternéd after a design being considered for NASA's Advanced Cryogenic Rocket
Engine. The major difference between the two versions of this injection
pattern is that one has nearly twice the injection density of the other.

Seven tests on the coaxial injector were made under this task. Two triplet

injectors were also fabricated.

The third major task consisted of the design, development, and demon-
stration of a research tool, the "Transverse Excitation Chamber." This
combustor is a variable angle sector chamb%r that can be varied from 9 to 36°
and is used to determine the relative sensitivity of injection elements to
instability. 8Six tests conducted with this combustion. chamber yielded prelimi-

nary results on its effectiveness as a research tool.
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II, Summary of Program (cont.)
A detailed analysis of combustion stability data obtained during the
testing of this program is included in this report, and correlations with

results from tests conducted on other programs were made. Considerable

injector design studies were conducted on this program.
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I1T. TASK I: ANALYTICAL MODEL DEVELOPMENT

A.  ANNULAR COMBUSTOR ANALYSIS
$
Analytical tasks on this program included the extension of the
basic Sensitive Time Lag model for c